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My main goal of this talk
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Figure 10: The 95% confidence level upper bound on the ratio ⇠2 = (gHZZ/gSM
HZZ)2 (see text). The dark

and light shaded bands around the median expected line correspond to the 68% and 95% probability
bands. The horizontal lines correspond to the Standard Model coupling. (a): For Higgs boson decays
predicted by the Standard Model; (b): for the Higgs boson decaying exclusively into bb̄ and (c): into
⌧+⌧� pairs.
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is less than or equal to one would indicate that that particular Higgs boson mass is excluded at the 95% C.L.
The combinations of results of each single experiment, as used in this Tevatron combination, yield the following

ratios of 95% C.L. observed (expected) limits to the SM cross section: 3.6 (3.2) for CDF and 3.7 (3.9) for DØ at
mH = 115 GeV/c2, and 1.5 (1.6) for CDF and 1.3 (1.8) for DØ at mH = 165 GeV/c2.

The ratios of the 95% C.L. expected and observed limit to the SM cross section are shown in Figure 4 for the
combined CDF and DØ analyses. The observed and median expected ratios are listed for the tested Higgs boson
masses in Table XVIII for mH � 150 GeV/c2, and in Table XIX for mH � 155 GeV/c2, as obtained by the Bayesian
and the CLS methods. In the following summary we quote only the limits obtained with the Bayesian method
since they are slightly more conservative (based on the expected limits) for the quoted values, but all the equivalent
numbers for the CLS method can be retrieved from the tables. We obtain the observed (expected) values of 2.5
(2.4) at mH = 115 GeV/c2, 0.99 (1.1) at mH = 160 GeV/c2, 0.86 (1.1) at mH = 165 GeV/c2, and 0.99 (1.4) at
mH = 170 GeV/c2. We exclude at the 95% C.L. the production of a standard model Higgs boson with mass between
160 and 170 GeV/c2. This result is obtained with both Bayesian and CLS calculations.
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FIG. 4: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the ratios to the
SM cross section, as functions of the Higgs boson mass for the combined CDF and DØ analyses. The limits are expressed
as a multiple of the SM prediction for test masses (every 5 GeV/c2) for which both experiments have performed dedicated
searches in di↵erent channels. The points are joined by straight lines for better readability. The bands indicate the 68% and
95% probability regions where the limits can fluctuate, in the absence of signal. The limits displayed in this figure are obtained
with the Bayesian calculation.

Figure 12: (left) The 95% CL upper limit on the coupling for Higgs production at LEP, ⇠2 =
(gHZZ/gSM

HZZ)2, as a function of the Higgs mass (ALEPH, DELPHI, L3, and OPAL
Collaborations 2003). (right) The 95% CL upper limit on the signal strength for the
SM Higgs boson as a function of its mass (CDF and DØ Collaborations 2009).
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Figure 13: The distribution of the ��2 = �2��2
min as a function of the SM Higgs mass, mH , for the

combined LEP-Tevatron EW fit. The blue band illustrates the theoretical uncertainty
due to missing higher order corrections. The yellow vertical bands show the mH regions
excluded by LEP-II (up 114 GeV) and the Tevatron (160–170 GeV), as of August 2009.
The best-fit result is mH = 87+35

�26 GeV, equivalent to an upper limit of mH < 157 GeV
at 95% CL (ALEPH, CDF, DØ, DELPHI, L3, OPAL, and SLD Collaborations 2009).
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[arxiv:0903.4001]

I want to facilitate an appreciation for statistical confidence 
intervals like below, and try to touch ground with how 
LHC physicists go from collecting and reducing data to 
performing a statistical test.

Higgs was later found in 2012 by 
ATLAS and CMS with mH ≈125 GeV

Lot’s of important details glossed 
over. Great pedagogical documents 
on statistics:
‣ Cranmer, K. “Practical Statistics 
for the LHC”. [arxiv:1503.07622]
‣ Cowan, G. (1998). Statistical Data 
Analysis.
‣ ATLAS Higgs Combination 
[arxiv:1207.0319]
‣ Cranmer et al. [arxiv:1007.1727]
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Outline

1. Introduce the Standard Model, some issues, and 
some ideas beyond it.

2. Cram together some scattering theory.

3. Introduce the LHC and ATLAS.

4. Discuss reconstruction and model building in HEP.

5. Cram some lessons in statistical hypothesis testing.
e.g. searches for new physics and the Higgs 
discovery.

6. Try to make some provocative comments and 
summarize.
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The Standard Model

4

• In QFT, fields are actually what is fundamental, 
and particles are quantized and often localized 
excitations in the fields.

• Gauge symmetries determine the character 
of the forces between fermion fields through 
exchanging gauge bosons.

• Bosons and chiral fermions develop mass terms 
that still preserve the gauge symmetries of the 
Lagrangian through the Higgs mechanism.

• The SM gauge group is}
Strong
force

Electromagnetic 
+ weak forces

2. The theoretical situation 23

Figure 2.2: The Standard Model. TODO.

The gauge symmetry determines the gauge boson fields of the theory. Combining this with a set of702

given Dirac fields describing the fermions determines the allowed interaction terms of the Lagrangian,703

by using gauge-covariant derivatives. In this way, the structure of the gauge symmetry of a theory704

specifies the structure of its interactions.705

2.3 The Standard Model706

2.3.1 Quarks, leptons, and gauge bosons707

In the SM, the fermions are described by spinor representations of the Poincaré group. The boson708

force carriers are described by gauge fields that are a result of requiring invariance of the action under709

a specific gauge group, which specifies a particular symmetry among the internal degrees of freedom710

of the spinor fields:711

SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

Gauge invariance requires the introduction of gauge boson fields G↵

µ

, W a

µ

, and B
µ

, which serve as the712

connections in the covariant derivatives needed in the terms for the fermion kinetic energies18.713

18 See the discussion of gauge invariance and covariant derivatives in Section 2.2.6.

Higgs mechanism,
EW symmetry breaking

〈!〉

⇒ ⇒

field content of the SM

Electroweak force
SU(3)C × SU(2)L × U(1)Y

V(!) Higgs potential vacuum 
expectation value
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2. The theoretical situation 45

Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings ↵�1

a

(Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
↵3(mZ

) is varied between 0.117 and
0.121.
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This unification is of course not perfect; ↵3 tends to be slightly smaller than the common value of
↵1(MU

) = ↵2(MU

) at the point where they meet, which is often taken to be the definition of M
U

.
However, this small di↵erence can easily be ascribed to threshold corrections due to whatever new
particles exist near M

U

. Note that M
U

decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at M

U

might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not su↵er from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 � 2✏. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom o↵-shell. This mismatch is only 2✏, but can be multiplied by factors
up to 1/✏n in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly di↵erent scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 � 2✏ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than

61

Figure 2.11: TODO [195].

2.4.2 Running of the couplings1081

TODO:1082

• As measured by the LEP experiments in 1991.1083

• Gauge couping unification is ruled out for the SM, but allowed by SUSY [192, 193, 194].1084

• (see Figure 2.11).1085

2.4.3 The hierarchy problem(s)1086

TODO:1087

• mGUT ⇡ 1 ⇥ 1016 GeV1088

• Why is the electroweak scale a factor of 1014 smaller than the GUT scale?1089

• mP ⇡ 1 ⇥ 1019 GeV1090

• Why is the electroweak scale a factor of 1017 smaller than the Planck mass? Why is gravity so1091

weak compared to the other forces?1092

• Reina notes [196]1093

• Langacker p. 455–6 [8]1094

Unanswered problems in particle physics

• Ad hoc features

‣ Why SU(3)xSU(2)xU(1) ?

‣ Neutrino mixing and masses (Dirac or Majorana)

‣ Matter-antimatter asymmetry

‣ Strong CP-problem

• Dark matter and dark energy

‣ 5% SM, 27% dark matter, 68% dark energy

• Hierarchy problem(s)

‣ mHiggs vs mPlanck, 

‣ quark masses range: 105, leptons: 109

• Fine-tuning: 

‣ EW-scale, flatness problem, vacuum stability, etc.

• Unification?  Supersymmetry?

• Why did the early universe have such low entropy?
5
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Table 3: Gauge-group representations of the SM fermions. The rows are components of weak
iso-spin, and the columns are components of color. The sets of three numbers on right
denote if the fields have a singlet or triplet representation of SU(3)C, doublet or singlet
representation of SU(2)L, and their weak hypercharge quantum number respectively.

Left -handed quarks:

✓
url ugl ubl
drl dgl dbl

◆
,

✓
crl cgl cbl
srl sgl sbl

◆
,

✓
trl tgl tbl
brl bgl bbl

◆
: ( 3,2, 16 )

Right -handed quarks:
�
urr ugr ubr

�
,

�
crr cgr cbr

�
,

�
trr tgr tbr

�
: ( 3,1, 23 )

�
drr dgr dbr

�
,

�
srr sgr sbr

�
,

�
brr bgr bbr

�
: ( 3,1, �1

3 )

Left -handed leptons:

✓
⌫el

el

◆
,

✓
⌫µl

µl

◆
,

✓
⌫⌧l

⌧l

◆
: ( 1,2, �1

2 )

Right -handed leptons: (er), (µr), (⌧r) : ( 1,1, �1 )

Table 4: Approximate values of the electroweak parameters. Only three of the dimensionless
and one of the ⇠ GeV parameters are fundamental, and the remaining can be de-
rived (Beringer, J. et al. (Particle Data Group) 2012).

g1 ⇡ 0.36 mW ⇡ 80.4 GeV
g2 ⇡ 0.65 mZ ⇡ 91.2 GeV
e ⇡ 0.31 v ⇡ 246 GeV
sin2 ✓W ⇡ 0.23

p
2 GF ⇡ (246 GeV)�2

Table 5: The SM parameters of the Higgs vacuum potential, assuming the Higgs-like particle ob-
served at the LHC, as discussed in Section 4.2, is the SM Higgs boson. Two of the three
parameters: µ, �, and mH are fundamental and one can be derived.

mH ⇡ 126 GeV �µ2 ⇡ (126 GeV)2/2
� ⇡ 0.13
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Figure 5: Mass range of the SM fermions (Murayama, H. 2011). For approximate values of the
masses, see Table 6.
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Scattering cross sections

6

A.1 quantum mechanics 209

The factor, ", is a dimensionless variable to account for experimental ine�ciencies in reconstruct-

ing/identifying/selecting the process. The di↵erential scattering cross section of 2 ! n process can

be calculated from the n + 2-point function, which can be expressed in terms of its irreducible matrix

element as

d� =
Y

f

✓
d3pf

(2 ⇡)3 2 Ef

◆
|M|2

4 E1 E2 |v1 � v2|
(2 ⇡)4 �4

⇣
p1 + p2 �

X

f

pf

⌘
.

In the case of 2 ! 2 scattering with energies high enough to neglect the masses of the in-coming or

out-going particles, one can further simplfy d� to

d�

d⌦

����
CM

=
1

64 ⇡2 E2
CM

|M|2 ,

where CM denotes that the d� is valid in the center-of-momentum reference frame, and ECM is the

center-of-momentum energy of the incoming two particles.

Integrating dN over some running time for the experiment and over the kinematic phase-space of

the process in question gives the theoretical prediction for the expected number of events observed:

N =

Z
dt L

Z
d� "

=

✓Z
dt L

◆
A C � ,

where A is a dimensionless variable to account for the acceptance, the fraction of events produced

in the instrumented fiducial volume selected in the experiment:

A =

R
dt L

R
fiducial d�R

dt L
R

d�
=

R
dt L

R
fiducial d⌦ d�

d⌦

�
R

dt L
,

and C is a dimensionless variable to account for the overall experimental e�ciency to reconstruct

and identify events from the process:

C =

R
dt L

R
fiducial d� "R

dt L
R
fiducial d�

=

R
dt L

R
fiducial d⌦ d�

d⌦ "(⌦)R
dt L

R
fiducial d�

.

In practice, high-energy physics experiments generally estimate these integrals numerically with

Monte Carlo methods, using matrix-element event generators and often very detailed simulations103

of the geometry, material, and instrumentation of the experiments. The integrated luminosity,
R

dt L, is measured independently [180, 319].

A.1.6 Gauge invariance

U(1)EM local gauge invariance

As discussed previously, gauge invariance plays an important role in constructing the SM. As an

example, consider the U(1)EM gauge invariance of electrodynamics. The fundamental representation

103 See the brief discussion of ATLAS simulation in Section 3.6.

208 A. a review of the standard model

according to the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula [318] as

Sfi = hf |Ŝ|ii

= G̃(n)(�pf , . . . , pi)
Y

f

⇣
G̃(2)(pf )

⌘�1 Y

i

⇣
G̃(2)(pi)

⌘�1

= ⇥
nY

i,f

 !�1

= �iM

= �i M (2 ⇡)4 �4
⇣X

pi �
X

pf

⌘
,

where G̃(n) denotes the momentum-space Fourier transform of the space-time n-point correlation

function:

G̃(n)(p1, . . . , pn) ⌘
nY

i

Z
d4pi

(2 ⇡)4
e�i pi·xi

�
G(n)(x1, . . . , xn) .

The expansion of the in-coming and out-going states as momentum eigenstates introduces inverse

factors of the propagators that cancel the factors of propagators appearing in G(n). The irreducible

matrix element, M, is defined as the remaining part of the diagram, with the external lines held

on mass-shell, but summing over all connected intermediate possible diagrams, and integrating over

all possible virtual momenta. An overall momentum-conserving �-function will always result, and a

factor of �i is often factored out by convention.

Scattering cross sections

The scattering theory developed from QFT is especially useful for describing the event rates in

experiments at particle colliders. At particle colliders like the LHC, two anti-parallel beams of

particles of known energies are squeezed to cross in a small cross-sectional area of the order of a few

hundred square microns. In such a scenario one can show that the di↵erential collision rate for some

process, dN/dt, factors into the luminosity, L, that characterizes the flux of particles in the beam

per area per time, and the di↵erential cross section, d�, an area proportional to the rate for that

process:

dN = " L dt d� .

At colliders, it can be shown that the differential 
rate of any given process factors as

= (efficiency) (luminosity) d(time) d(cross section)

A.1 quantum mechanics 209

The factor, ", is a dimensionless variable to account for experimental ine�ciencies in reconstruct-
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where CM denotes that the d� is valid in the center-of-momentum reference frame, and ECM is the

center-of-momentum energy of the incoming two particles.

Integrating dN over some running time for the experiment and over the kinematic phase-space of

the process in question gives the theoretical prediction for the expected number of events observed:

N =

Z
dt L

Z
d� "

=

✓Z
dt L

◆
A C � ,

where A is a dimensionless variable to account for the acceptance, the fraction of events produced

in the instrumented fiducial volume selected in the experiment:

A =

R
dt L

R
fiducial d�R

dt L
R

d�
=

R
dt L

R
fiducial d⌦ d�
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�
R

dt L
,

and C is a dimensionless variable to account for the overall experimental e�ciency to reconstruct

and identify events from the process:

C =

R
dt L

R
fiducial d� "R

dt L
R
fiducial d�

=

R
dt L

R
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R
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.

In practice, high-energy physics experiments generally estimate these integrals numerically with

Monte Carlo methods, using matrix-element event generators and often very detailed simulations103

of the geometry, material, and instrumentation of the experiments. The integrated luminosity,
R

dt L, is measured independently [180, 319].

A.1.6 Gauge invariance

U(1)EM local gauge invariance

As discussed previously, gauge invariance plays an important role in constructing the SM. As an

example, consider the U(1)EM gauge invariance of electrodynamics. The fundamental representation

103 See the brief discussion of ATLAS simulation in Section 3.6.

QFT shows that the cross section can be calculated 
in terms of a matrix element.

The number of expected events 
can be calculated by integrating 
the differential cross section over 
the running of the experiment.

= (integrated luminosity) (acceptance) (efficiency) (cross section)
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where G̃(n) denotes the momentum-space Fourier transform of the space-time n-point correlation

function:

G̃(n)(p1, . . . , pn) ⌘
nY

i

Z
d4pi

(2 ⇡)4
e�i pi·xi

�
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The expansion of the in-coming and out-going states as momentum eigenstates introduces inverse

factors of the propagators that cancel the factors of propagators appearing in G(n). The irreducible

matrix element, M, is defined as the remaining part of the diagram, with the external lines held

on mass-shell, but summing over all connected intermediate possible diagrams, and integrating over

all possible virtual momenta. An overall momentum-conserving �-function will always result, and a

factor of �i is often factored out by convention.

Scattering cross sections

The scattering theory developed from QFT is especially useful for describing the event rates in

experiments at particle colliders. At particle colliders like the LHC, two anti-parallel beams of

particles of known energies are squeezed to cross in a small cross-sectional area of the order of a few

hundred square microns. In such a scenario one can show that the di↵erential collision rate for some

process, dN/dt, factors into the luminosity, L, that characterizes the flux of particles in the beam

per area per time, and the di↵erential cross section, d�, an area proportional to the rate for that

process:

dN = " L dt d� .
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jet

photon

Matrix element
Hard-scatter matrix elements are calculated from a perturbative 
sum of Feynman graphs.

(     )=|∑(        )|

A.1 quantum mechanics 209

The factor, ", is a dimensionless variable to account for experimental ine�ciencies in reconstruct-

ing/identifying/selecting the process. The di↵erential scattering cross section of 2 ! n process can

be calculated from the n + 2-point function, which can be expressed in terms of its irreducible matrix

element as
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⌘
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In the case of 2 ! 2 scattering with energies high enough to neglect the masses of the in-coming or

out-going particles, one can further simplfy d� to

d�

d⌦

����
CM

=
1

64 ⇡2 E2
CM

|M|2 ,

where CM denotes that the d� is valid in the center-of-momentum reference frame, and ECM is the

center-of-momentum energy of the incoming two particles.

Integrating dN over some running time for the experiment and over the kinematic phase-space of

the process in question gives the theoretical prediction for the expected number of events observed:

N =

Z
dt L

Z
d� "

=

✓Z
dt L

◆
A C � ,

where A is a dimensionless variable to account for the acceptance, the fraction of events produced

in the instrumented fiducial volume selected in the experiment:

A =

R
dt L

R
fiducial d�R

dt L
R

d�
=

R
dt L

R
fiducial d⌦ d�

d⌦

�
R

dt L
,

and C is a dimensionless variable to account for the overall experimental e�ciency to reconstruct

and identify events from the process:

C =

R
dt L

R
fiducial d� "R

dt L
R
fiducial d�

=

R
dt L

R
fiducial d⌦ d�

d⌦ "(⌦)R
dt L
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.

In practice, high-energy physics experiments generally estimate these integrals numerically with

Monte Carlo methods, using matrix-element event generators and often very detailed simulations103

of the geometry, material, and instrumentation of the experiments. The integrated luminosity,
R

dt L, is measured independently [180, 319].

A.1.6 Gauge invariance

U(1)EM local gauge invariance

As discussed previously, gauge invariance plays an important role in constructing the SM. As an

example, consider the U(1)EM gauge invariance of electrodynamics. The fundamental representation

103 See the brief discussion of ATLAS simulation in Section 3.6.

p+ p+
2

• “Parton Distribution Functions” (PDFs)
• “Hard-scatter” matrix element 

generator
• “Parton shower”,

Bremsstrahlung,
Initial/final-state radiation

• “Hadronization”

The strong force further complicates things by 
confining quarks in hadrons. Theorists and Monte 
Carlo simulations factor the problem:

p+p+
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We need high energies
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6 2. the theoretical situation
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Figure 2.2: The “Livingston plot”, showing the e↵ective energy of collisions probed for various col-
lider and fixed-target particle experiments as if they were each fixed-target experiments,
as a function of the time the experiment began taking data [16].
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Figure 3.1: Production cross sections from proton-(anti)proton collisions for several processes of
interest as a function of center-of-momentum energy,

p
s. The discontinuity at ⇡ 4 TeV

is from the di↵erence in pp̄ cross sections on the left for the Tevatron, and pp cross
sections on the right for the LHC. The vertical lines indicate the center-of-momentum
energy for the Tevatron at 1.96 TeV (2001-2011), for the LHC at 7 TeV (2010-2011) and
8 TeV (2012) and 13 TeV (target for future 2015 run) [54, 55].
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Large Hadron Collider
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• ~1011 protons / bunch
• ~1000 bunches/ beam
• 20 MHz , 50 ns bunch spacing
• 1-40 interactions / crossing
• ~0.5 × 109 interactions / sec

• p-p collisions at √s = 7-13 TeV
• inst. luminosity = 1032-1034 cm-2s-1

• 27 km circumference
• 1232 dipoles: 15 m , 8.3 T
• 100 tons liquid He, 1.9 K

Geneva, Switzerland



Ryan Reece (UCSC) 10

ATLAS Detector

T. Rex

Humans
(for scale)

ATLAS is a 7 story tall, 100 megapixel “camera”, taking 3-D pictures of proton-
proton collisions 20 million times per second, saving 10 million GB of data per 
year, using a world-wide computing grid with over 100,000 CPUs.  The 
collaboration involves more than 3000 scientists and engineers.

proton beam
p+

p+
Tracker

Muon Spectr.

Calorimeter

collision point



µ

τ-jet

jet

• muons

• electrons & photons

• jets of hadrons

• τ- and b-tagged jets

• missing energy

What do we reconstruct?

How do we search?

(main objects)

SM
W, Z, top,...

Higgs
H→ɣɣ, ZZ, WW, ....

SUSY
l+jets,ɣ+jets, ...

Exotics
Z’, W’, ...

ATLAS Physics Groups

Currently ATLAS has published 410+ papers 
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Figure 3.24: TODO [296].

 

ATLAS Computing Technical Design Report
 20 June 2005

54 3    Offline Software  

The stages in the simulation data-flow pipeline are described in more detail in the following 
sections. In addition to the full simulation framework, ATLAS has implemented a fast simula-
tion framework that reduces substantially the processing requirements in order to allow larger 
samples of events to be processed rapidly, albeit with reduced precision. Both these frameworks 
are described below.

3.8.2  Generators

Event generators are indispensable as tools for the modelling of the complex physics processes 
that lead to the production of hundreds of particles per event at LHC energies. Generators are 
used to set detector requirements, to formulate analysis strategies, or to calculate acceptance 
corrections. They also illustrate uncertainties in the physics modelling.

Generators model the physics of hard processes, initial- and final-state radiation, multiple inter-
actions and beam remnants, hadronization and decays, and how these pieces come together. 

The individual generators are run from inside Athena and their output is converted into a com-
mon format by mapping into HepMC. A container of these is placed into the transient event 
store under StoreGate and can be made persistent. The event is presented for downstream use 
by simulation, for example by G4ATLAS simulation (using Geant4) or the Atlfast simulation. 
These downstream clients are shielded thereby from the inner details of the various event gen-
erators.

Each available generator has separate documentation describing its use. Simple Filtering Algo-
rithms are provided, as well as an example of how to access the events and histogram the data.

Figure 3-5  The simulation data flow. Rectangles represent processing stages and rounded rectangles repre-
sent objects within the event data model. Pile-up and ROD emulation are optional processing stages.

Generator HepMC Particle Filter MCTruth
(Gen) Simulation
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(Sim)
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HitsDigitizationROD Input 
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ByteStream
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Algorithm

ROD Emulation 
(passthrough)

Raw Data 
Objects

ByteStream ATLAS

Reco

Figure 3.25: TODO [275].

ATLAS [301]. Samples of s-channel and t-channel single top events were generated with AcerMC [302],1455

with the parton shower and hadronization done with PYTHIA [303]. Signal samples representing1456

hypothetical Z 0 decays consistent with the SSM were generated with PYTHIA. Activity from multiple1457

pile-up interactions per bunch crossing was modeled by overlaying simulated minimum bias events,1458

generated with PYTHIA and specially tuned for minimum-bias interactions at the LHC [304], over1459

the original hard-scattering event. The e↵ects of QED radiation were generated with PHOTOS [305],1460

and hadronic tau decays were generated with TAUOLA [306].1461
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Fig. 9. Reconstructed dielectron mass distribution for J/ψ → ee decays, as measured after applying the baseline Z → ee
calibration. The data (full circles with statistical error bars) are compared to the sum of the MC signal (light filled histogram)
and the background contribution (darker filled histogram) modelled by a Chebyshev polynomial. The mean (µ) and the Gaussian
width (σ) of the fitted Crystal Ball function are given both for data and MC.

Table 4. Measured effective constant term cdata (see Eq. 6) from the observed width of the Z → ee peak for different calorimeter
η regions.

Sub-system η-range Effective constant term, cdata

EMB |η| < 1.37 1.2% ± 0.1% (stat) + 0.5%
− 0.6% (syst)

EMEC-OW 1.52 < |η| < 2.47 1.8% ± 0.4% (stat) ± 0.4% (syst)
EMEC-IW 2.5 < |η| < 3.2 3.3% ± 0.2% (stat) ± 1.1% (syst)
FCal 3.2 < |η| < 4.9 2.5% ± 0.4% (stat) + 1.0%

− 1.5% (syst)

The results obtained for the effective constant term
are shown in Table 4. Several sources of systematic uncer-
tainties are investigated. The dominant uncertainty is due
to the uncertainty on the sampling term, as the constant
term was extracted assuming that the sampling term is
correctly reproduced by the simulation. To assign a sys-
tematic uncertainty due to this assumption, the simulation
was modified by increasing the sampling term by 10%. The
difference in the measured constant term is found to be
about 0.4% for the EM calorimeter and 1% for the forward
calorimeter. The uncertainty due to the fit procedure was
estimated by varying the fit range. The uncertainty due
to pile-up was investigated by comparing simulated MC
samples with and without pile-up and was found to be
negligible.

6 Efficiency measurements

In this section, the measurements of electron selection effi-
ciencies are presented using the tag-and-probe method [31,
32]. Z → ee events provide a clean environment to study
all components of the electron selection efficiency dis-
cussed in this paper. In certain cases, such as identification
or trigger efficiency measurements, the statistical power
of the results is improved using W → eν decays, as well.
To extend the reach towards lower transverse energies,

J/ψ → ee decays are also used to measure the electron
identification efficiency. However the available statistics
of J/ψ → ee events after the trigger requirements in the
2010 data sample are limited and do not allow a precise
separation of the isolated signal component from b-hadron
decays and from background processes.

6.1 Methodology

A measured electron spectrum needs to be corrected for
efficiencies related to the electron selection in order to de-
rive cross-sections of observed physics processes or limits
on new physics. This correction factor is defined as the
product of different efficiency terms. For the case of a sin-
gle electron in the final state one can write:

C = ϵevent · αreco · ϵID · ϵtrig · ϵisol. (7)

Here ϵevent denotes the efficiency of the event preselec-
tion cuts, such as primary vertex requirements and event
cleaning. αreco accounts for the basic reconstruction ef-
ficiency to find an electromagnetic cluster and to match
it loosely to a reconstructed charged particle track in the
fiducial region of the detector and also for any kinematic
and geometrical cuts on the reconstructed object itself.
ϵID denotes the efficiency of the identification cuts rela-
tive to reconstructed electron objects. ϵtrig stands for the

Building a model

13

N(expected) = N(correct-ID) + N(fake)} }
• Top-down , “data-driven”

• various magic with data 
depending on the analysis and 
your creativity

• side-band fit

• fake-factor method

• Bottom-up

• well-identified objects 
have scale factors from 
control regions

• estimated with detailed 
Monte Carlo simulation

[arxiv:1110.3174]

J/ψ

background

Bottom-up
Monte Carlo

Data-driven
side-band fit
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FIG. 1. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → γγ, (b) H → ZZ(∗) → ℓ+ℓ−ℓ+ℓ− in the entire mass range, (c) H → ZZ(∗) → ℓ+ℓ−ℓ+ℓ− in
the low mass range, (d) H → ZZ → ℓ+ℓ−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → ℓ+ℓ−qq, (g) H →
WW (∗) → ℓ+νℓ−ν+0-jets, (h) H → WW (∗) → ℓ+νℓ−ν+1-jet, (i) H → WW (∗) → ℓ+νℓ−ν+2-jets, (j) H → WW → ℓνqq′+0-
jets, (k) H → WW → ℓνqq′+1-jet and (l) H → WW → ℓνqq′+2-jets. The H → WW (∗) → ℓ+νℓ−ν+2-jets distribution is
shown before the final selection requirements are applied.

[arxiv:1207.0319]

• How can we be precise 
and rigorous about how 
confident we are that a 
model is wrong?

‣ Hypothesis testing

• How can we calculate the 
best-fit estimate of some 
parameter?

‣ Point estimation and 
confidence intervals

3 events

Has a local p0 of ≈ 2%

Statistical (and philosophical) questions:
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We’ll discuss how one goes from the statistic on the left to the plot on the
right.
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Confidence Intervals
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• A frequentist confidence interval is constructed such that, 
given the model, if the experiment were repeated, each time creating 
an interval, 95% (or other CL) of the intervals would contain the 
true population parameter (i.e. the interval has ≈95% coverage).

‣ They can be one-sided exclusions, e.g. m(Z’) > 2.0 TeV at 95% CL

‣ Two-sided measurements,  e.g. mH = 125.1 ± 0.2 GeV at 68% CL

‣ Contours in 2 or 
more parameters

• This is not the same as saying “There is a 95% probability that the 
true parameter is in my interval”.  Any probability assigned to a 
parameter strictly involves a Bayesian prior probability.
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Marked Poisson Process
Channel: a subset of the data defined by some selection 
requirements.  
‣ eg. all events with 4 electrons with energy > 10 GeV
‣ n: number of events observed in the channel
‣ ν: number of events expected in the channel

Discriminating variable: a property of those events that can be 
measured and which helps discriminate the signal from background
‣ eg. the invariant mass of two particles 
‣ f(x): the p.d.f. of the discriminating variable x

Marked Poisson Process:

56

f(D|⌫) = Pois(n|⌫)
nY

e=1

f(xe)

D = {x1, . . . , xn}

Statistical model

16

values of x and this ensemble gives rise to a probability density function (pdf) of x, written f(x), which
has the important property that it is normalized to unity

Z
f(x) dx = 1 .

In the case of discrete quantities, such as the number of events satisfying some event selection, the
integral is replaced by a sum. Often one considers a parametric family of pdfs

f(x|↵) ,

read “f of x given ↵” and, henceforth, referred to as a probability model or just model. The parameters
of the model typically represent parameters of a physical theory or an unknown property of the detector’s
response. The parameters are not frequentist in nature, thus any probability statement associated with ↵
is Bayesian.3 In order to make their lack of frequentist interpretation manifest, model parameters will be
written in greek letters, e.g.: µ, ✓, ↵, ⌫.4 From the full set of parameters, one is typically only interested
in a few: the parameters of interest. The remaining parameters are referred to as nuisance parameters,
as we must account for them even though we are not interested in them directly.

While f(x) describes the probability density for the observable x for a single event, we also need
to describe the probability density for a dataset with many events, D = {x

1

, . . . , xn}. If we consider the
events as independently drawn from the same underlying distribution, then clearly the probability density
is just a product of densities for each event. However, if we have a prediction that the total number of
events expected, call it ⌫, then we should also include the overall Poisson probability for observing n
events given ⌫ expected. Thus, we arrive at what statisticians call a marked Poisson model,

f(D|⌫, ↵) = Pois(n|⌫)

nY

e=1

f(xe|↵) , (1)

where I use a bold f to distinguish it from the individual event probability density f(x). In prac-
tice, the expectation is often parametrized as well and some parameters simultaneously modify the ex-
pected rate and shape, thus we can write ⌫ ! ⌫(↵). In RooFit both f and f are implemented with
a RooAbsPdf; where RooAbsPdf::getVal(x) always provides the value of f(x) and depending on
RooAbsPdf::extendMode() the value of ⌫ is accessed via RooAbsPdf::expectedEvents().

The likelihood function L(↵) is numerically equivalent to f(x|↵) with x fixed – or f(D|↵) with
D fixed. The likelihood function should not be interpreted as a probability density for ↵. In particular,
the likelihood function does not have the property that it normalizes to unity

⇠⇠⇠⇠⇠⇠⇠⇠:Not True!

Z
L(↵) d↵ = 1 .

It is common to work with the log-likelihood (or negative log-likelihood) function. In the case of a
marked Poisson, we have what is commonly referred to as an extended likelihood [3]

� ln L(↵) = ⌫(↵) � n ln ⌫(↵)| {z }
extended term

�
nX

e=1

ln f(xe) + ln n!| {z }
constant

.

To reiterate the terminology, probability density function refers to the value of f as a function of x given
a fixed value of ↵; likelihood function refers to the value of f as a function of ↵ given a fixed value of x;
and model refers to the full structure of f(x|↵).

3Note, one can define a conditional distribution f(x|y) when the joint distribution f(x, y) is defined in a frequentist sense.
4While it is common to write s and b for the number of expected signal and background, these are parameters not observ-

ables, so I will write ⌫
S

and ⌫
B

. This is one of few notational differences to Ref. [1].
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“Marked Poisson” Probability model (PDF):  

observableevents#expected

values of x and this ensemble gives rise to a probability density function (pdf) of x, written f(x), which
has the important property that it is normalized to unity

Z
f(x) dx = 1 .

In the case of discrete quantities, such as the number of events satisfying some event selection, the
integral is replaced by a sum. Often one considers a parametric family of pdfs

f(x|↵) ,

read “f of x given ↵” and, henceforth, referred to as a probability model or just model. The parameters
of the model typically represent parameters of a physical theory or an unknown property of the detector’s
response. The parameters are not frequentist in nature, thus any probability statement associated with ↵
is Bayesian.3 In order to make their lack of frequentist interpretation manifest, model parameters will be
written in greek letters, e.g.: µ, ✓, ↵, ⌫.4 From the full set of parameters, one is typically only interested
in a few: the parameters of interest. The remaining parameters are referred to as nuisance parameters,
as we must account for them even though we are not interested in them directly.

While f(x) describes the probability density for the observable x for a single event, we also need
to describe the probability density for a dataset with many events, D = {x

1

, . . . , xn}. If we consider the
events as independently drawn from the same underlying distribution, then clearly the probability density
is just a product of densities for each event. However, if we have a prediction that the total number of
events expected, call it ⌫, then we should also include the overall Poisson probability for observing n
events given ⌫ expected. Thus, we arrive at what statisticians call a marked Poisson model,

f(D|⌫, ↵) = Pois(n|⌫)

nY

e=1

f(xe|↵) , (1)

where I use a bold f to distinguish it from the individual event probability density f(x). In prac-
tice, the expectation is often parametrized as well and some parameters simultaneously modify the ex-
pected rate and shape, thus we can write ⌫ ! ⌫(↵). In RooFit both f and f are implemented with
a RooAbsPdf; where RooAbsPdf::getVal(x) always provides the value of f(x) and depending on
RooAbsPdf::extendMode() the value of ⌫ is accessed via RooAbsPdf::expectedEvents().

The likelihood function L(↵) is numerically equivalent to f(x|↵) with x fixed – or f(D|↵) with
D fixed. The likelihood function should not be interpreted as a probability density for ↵. In particular,
the likelihood function does not have the property that it normalizes to unity
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It is common to work with the log-likelihood (or negative log-likelihood) function. In the case of a
marked Poisson, we have what is commonly referred to as an extended likelihood [3]
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and model refers to the full structure of f(x|↵).
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4While it is common to write s and b for the number of expected signal and background, these are parameters not observ-

ables, so I will write ⌫
S

and ⌫
B

. This is one of few notational differences to Ref. [1].
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1. parameters of interest {µ}:

‣ e.g. Higgs mass (mH) and
signal strength (µ)
µ=0 no signal, µ=1 nominal signal

2. nuisance parameters {θ}: 
systematic uncertainties to be “profiled” away 
by maximizing L for a given µ.

‣ e.g. luminosity uncert., jet-energy 
scale, electron energy scale, electron 
identification efficiency, etc.

{   } parameters include:
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Z
f(x) dx = 1 .
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10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → ℓℓqq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from ℓℓℓℓ and ℓℓνν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → ℓℓqq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the mℓℓ selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → ℓℓνν search

The H → ZZ → ℓℓνν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → ℓℓνν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
ℓνℓν decays can lead to final states that are very similar
to H → ZZ → ℓℓνν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → ℓνℓν de-
cays relative to that from H → ZZ → ℓℓνν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → ℓℓνν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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General probability model with many channels and constraints:
constraintschannels events

choice of renormalization and factorization scales and missing higher-order corrections in a theoretical
calculation are not statistical. Uncertainties from parton density functions are a bit of a hybrid as they are
derived from data but require theoretical inputs and make various modeling assumptions. In a Bayesian
setting there is no problem with including a prior on the parameters associated to theoretical uncertain-
ties. In contrast, in a formal frequentist setting, one should not include constraint terms on theoretical
uncertainties that lack a frequentist interpretation. That leads to a very cumbersome presentation of re-
sults, since formally the results should be shown as a function of the uncertain parameter. In practice,
the groups often read Eq. 5 to arrive at an effective frequentist constraint term.

I will denote the set of parameters with constraint terms as S and the global observables G = {ap}
with p 2 S. By including the constraint terms explicitly (instead of implicitly as an additional channel)
we arrive at the total probability model, which we will not need to generalize any further:

ftot(Dsim, G|↵) =

Y

c2channels

"
Pois(nc|⌫c(↵))

n
cY

e=1

fc(xce|↵)

#
·
Y

p2S
fp(ap|↵p) . (6)

3 Physics questions formulated in statistical language
3.1 Measurement as parameter estimation
One of the most common tasks of the working physicist is to estimate some model parameter. We do it
so often, that we often don’t realize it. For instance, the sample mean x̄ =

Pn
e=1

xe/n is an estimate for
the mean, µ, of a Gaussian probability density f(x|µ, �) = Gauss(x|µ, �). More generally, an estimator
↵̂(D) is some function of the data and its value is used to estimate the true value of some parameter ↵.
There are various abstract properties such as variance, bias, consistency, efficiency, robustness, etc [5].
The bias of an estimator is defined as B(↵̂) = E[↵̂] � ↵, where E means the expectation value of
E[↵̂] =

R
↵̂(x)f(x)dx or the probability-weighted average. Clearly one would like an unbiased estima-

tor. The variance of an estimator is defined as var[↵̂] = E[(↵ � E[↵̂])

2

]; and clearly one would like
an estimator with the minimum variance. Unfortunately, there is a tradeoff between bias and variance.
Physicists tend to be allergic to biased estimators, and within the class of unbiased estimators, there is
a well defined minimum variance bound referred to as the Cramér-Rao bound (that is the inverse of the
Fisher information, which we will refer to again later).

The most widely used estimator in physics is the maximum likelihood estimator (MLE). It is
defined as the value of ↵ which maximizes the likelihood function L(↵). Equivalently this value, ↵̂,
maximizes log L(↵) and minimizes � log L(↵). The most common tool for finding the maximum likeli-
hood estimator is Minuit, which conventionally minimizes � log L(↵) (or any other function) [6]. The
jargon is that one ‘fits’ the function and the maximum likelihood estimate is the ‘best fit value’.

When one has a multi-parameter likelihood function L(↵), then the situation is slightly more
complicated. The maximum likelihood estimate for the full parameter list, ˆ↵, is clearly defined. The
various components ↵̂p are referred to as the unconditional maximum likelihood estimates. In the physics
jargon, one says all the parameters are ‘floating’. One can also ask about maximum likelihood estimate
of ↵p is with some other parameters ↵o fixed; this is called the conditional maximum likelihood estimate
and is denoted ˆ↵̂p(↵o). These are important quantities for defining the profile likelihood ratio, which
we will discuss in more detail later. The concept of variance of the estimates is also generalized to
the covariance matrix cov[↵p, ↵p0 ] = E[(↵̂p � ↵p)(↵̂p0 � ↵p0)] and is often denoted ⌃pp0 . Note, the
diagonal elements of the covariance matrix are the same as the variance for the individual parameters, ie.
cov[↵p, ↵p] = var[↵p].

In the case of a Poisson model Pois(n|⌫) the maximum likelihood estimate of ⌫ is simply ⌫̂ = n.
Thus, it follows that the variance of the estimator is var[⌫̂] = var[n] = ⌫. Thus if the true rate is ⌫ one
expects to find estimates ⌫̂ with a characteristic spread around ⌫; it is in this sense that the measurement
has a estimate has some uncertainty or ‘error’ of

p
n. We will make this statement of uncertainty more

8
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Visualizing the combined model

66

State of the art: At the time of the discovery, the combined Higgs 
search included 100 disjoint channels and >500 nuisance parameters

RooFit / RooStats: is the modeling language (C++) which provides 
technologies for collaborative modeling
‣ provides technology to publish likelihood functions digitally
‣ and more, it’s the full model so we can also generate pseudo-data

f
tot

(D
sim

,G|↵) =

Y

c2channels

"
Pois(nc|⌫c(↵))

ncY

e=1

fc(xce|↵)

#
·
Y

p2S
fp(ap|↵p)

At the time of the Higgs discovery 
(2012) combined model had 100 
channels & 500+ nuisance params.

[arxiv:1503.07622, https://indico.cern.ch/event/243641/]
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Figure 1: Scans of twice the negative log-likelihood ratio �2 ln L(mH) as functions of the Higgs
boson mass mH for the ATLAS and CMS combination of the H ! gg (red), H ! ZZ ! 4`
(blue), and combined (black) channels. The dashed curves show the results accounting for
statistical uncertainties only, with all nuisance parameters associated with systematic uncer-
tainties fixed to their best-fit values. The 1 and 2 standard deviation limits are indicated by the
intersections of the horizontal lines at 1 and 4, respectively, with the log-likelihood scan curves.

and

m4`
H = 125.15 ± 0.40 GeV
= 125.15 ± 0.37 (stat.)± 0.15 (syst.) GeV.

(5)

The corresponding likelihood ratio scans are shown in Fig. 1.

A summary of the results from the individual analyses and their combination is presented in
Fig. 2.

The observed uncertainties in the combined measurement can be compared with expectations.
The latter are evaluated by generating two Asimov data sets [26], where an Asimov data set is
a representative event sample that provides both the median expectation for an experimental
result and its expected statistical variation, in the asymptotic approximation, without the need
for an extensive MC-based calculation. The first Asimov data set is a “prefit” sample, generated
using mH = 125.0 GeV and the SM predictions for the couplings, with all nuisance parameters
fixed to their nominal values. The second Asimov data set is a “postfit” sample, in which mH,
the three signal strengths µgg

ggF+tt̄H, µgg
VBF+VH, and µ4`, and all nuisance parameters are fixed to

their best-fit estimates from the data. The expected uncertainties for the combined mass are

dmHprefit = ±0.24 GeV = ±0.22 (stat.)± 0.10 (syst.) GeV (6)

e.g. Best-fit Higgs mass

A bird’s-eye view of the development and structure the SM of particle physics
ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 11

Table 5
The expected numbers of signal (mH = 125 GeV) and background events after all
selections, including a cut on the transverse mass of 0.75mH < mT < mH for mH =
125 GeV. The observed numbers of events in data are also displayed. The eµ and
µe channels are combined. The uncertainties shown are the combination of the
statistical and all systematic uncertainties, taking into account the constraints from
control samples. For the 2-jet analysis, backgrounds with fewer than 0.01 expected
events are marked with ‘–’.

0-jet 1-jet 2-jet

Signal 20 ± 4 5 ± 2 0.34 ± 0.07

W W 101 ± 13 12 ± 5 0.10 ± 0.14
W Z (∗)/Z Z/W γ (∗) 12 ± 3 1.9 ± 1.1 0.10 ± 0.10
tt̄ 8 ± 2 6 ± 2 0.15 ± 0.10
tW /tb/tqb 3.4 ± 1.5 3.7 ± 1.6 –
Z/γ ∗ + jets 1.9 ± 1.3 0.10 ± 0.10 –
W + jets 15 ± 7 2 ± 1 –

Total background 142 ± 16 26 ± 6 0.35 ± 0.18

Observed 185 38 0

generators. The potential impact of interference between resonant
(Higgs-mediated) and non-resonant gg → W W diagrams [116] for
mT > mH was investigated and found to be negligible. The ef-
fect of the W W normalisation, modelling, and shape systematics
on the total background yield is 9% for the 0-jet channel and
19% for the 1-jet channel. The uncertainty on the shape of the
total background is dominated by the uncertainties on the nor-
malisations of the individual backgrounds. The main uncertainties
on the top background in the 0-jet analysis include those asso-
ciated with interference effects between tt̄ and single top, initial
state an final state radiation, b-tagging, and JER. The impact on
the total background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the total yield is
14%. Theoretical uncertainties on the W γ background normalisa-
tion are evaluated for each jet bin using the procedure described
in Ref. [117]. They are ±11% for the 0-jet bin and ±50% for the
1-jet bin. For W γ ∗ with mℓℓ < 7 GeV, a k-factor of 1.3 ± 0.3 is
applied to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for W γ ∗/W Z (∗)

with mℓℓ > 7 GeV is 1.5±0.5. These uncertainties affect mostly the
1-jet channel, where their impact on the total background yield is
approximately 4%.

6.4. Results

Table 5 shows the numbers of events expected from a SM
Higgs boson with mH = 125 GeV and from the backgrounds, as
well as the numbers of candidates observed in data, after appli-
cation of all selection criteria plus an additional cut on mT of
0.75mH < mT < mH . The uncertainties shown in Table 5 include
the systematic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Section 6.2. An ex-
cess of events relative to the background expectation is observed
in the data.

Fig. 6 shows the distribution of the transverse mass after all
selection criteria in the 0-jet and 1-jet channels combined, and for
both lepton channels together.

The statistical analysis of the data employs a binned likelihood
function constructed as the product of Poisson probability terms
for the eµ channel and the µe channel. The mass-dependent cuts
on mT described above are not used. Instead, the 0-jet (1-jet) sig-
nal regions are subdivided into five (three) mT bins. For the 2-jet
signal region, only the results integrated over mT are used, due
to the small number of events in the final sample. The statistical
interpretation of the observed excess of events is presented in Sec-
tion 9.

Fig. 6. Distribution of the transverse mass, mT, in the 0-jet and 1-jet analyses with
both eµ and µe channels combined, for events satisfying all selection criteria. The
expected signal for mH = 125 GeV is shown stacked on top of the background
prediction. The W + jets background is estimated from data, and W W and top
background MC predictions are normalised to the data using control regions. The
hashed area indicates the total uncertainty on the background prediction.

7. Statistical procedure

The statistical procedure used to interpret the data is described
in Refs. [17,118–121]. The parameter of interest is the global sig-
nal strength factor µ, which acts as a scale factor on the total
number of events predicted by the Standard Model for the Higgs
boson signal. This factor is defined such that µ = 0 corresponds
to the background-only hypothesis and µ = 1 corresponds to the
SM Higgs boson signal in addition to the background. Hypothe-
sised values of µ are tested with a statistic λ(µ) based on the
profile likelihood ratio [122]. This test statistic extracts the infor-
mation on the signal strength from a full likelihood fit to the data.
The likelihood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the C Ls prescription [123]; a
value of µ is regarded as excluded at 95% CL when C Ls is less than
5%. A SM Higgs boson with mass mH is considered excluded at 95%
confidence level (CL) when µ = 1 is excluded at that mass. The sig-
nificance of an excess in the data is first quantified with the local
p0, the probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. The equiva-
lent formulation in terms of number of standard deviations, Zl , is
referred to as the local significance. The global probability for the
most significant excess to be observed anywhere in a given search
region is estimated with the method described in Ref. [124]. The
ratio of the global to the local probabilities, the trials factor used
to correct for the “look elsewhere” effect, increases with the range
of Higgs boson mass hypotheses considered, the mass resolutions
of the channels involved in the combination, and the significance
of the excess.

The statistical tests are performed in steps of values of the
hypothesised Higgs boson mass mH . The asymptotic approxima-
tion [122] upon which the results are based has been validated
with the method described in Ref. [17].

The combination of individual search sub-channels for a specific
Higgs boson decay, and the full combination of all search chan-
nels, are based on the global signal strength factor µ and on the
identification of the nuisance parameters that correspond to the
correlated sources of systematic uncertainty described in Section 8.

8. Correlated systematic uncertainties

The individual search channels that enter the combination are
summarised in Table 6.
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Table 7
Characterisation of the excess in the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) → ℓνℓν channels and the combination of all channels listed in Table 6. The mass value
mmax for which the local significance is maximum, the maximum observed local significance Zl and the expected local significance E(Zl) in the presence of a SM Higgs
boson signal at mmax are given. The best fit value of the signal strength parameter µ̂ at mH = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Search channel Dataset mmax [GeV] Zl [σ ] E(Zl) [σ ] µ̂(mH = 126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]

H → Z Z (∗) → 4ℓ 7 TeV 125.0 2.5 1.6 1.4 ± 1.1
8 TeV 125.5 2.6 2.1 1.1 ± 0.8
7 & 8 TeV 125.0 3.6 2.7 1.2 ± 0.6 124–164, 176–500 131–162, 170–460

H → γ γ 7 TeV 126.0 3.4 1.6 2.2 ± 0.7
8 TeV 127.0 3.2 1.9 1.5 ± 0.6
7 & 8 TeV 126.5 4.5 2.5 1.8 ± 0.5 110–140 112–123, 132–143

H → W W (∗) → ℓνℓν 7 TeV 135.0 1.1 3.4 0.5 ± 0.6
8 TeV 120.0 3.3 1.0 1.9 ± 0.7
7 & 8 TeV 125.0 2.8 2.3 1.3 ± 0.5 124–233 137–261

Combined 7 TeV 126.5 3.6 3.2 1.2 ± 0.4
8 TeV 126.5 4.9 3.8 1.5 ± 0.4

7 & 8 TeV 126.5 6.0 4.9 1.4 ± 0.3
110–582 111–122, 131–559
113–532 (*) 113–114, 117–121, 132–527 (*)

uncertainties, evaluated as described in Ref. [138], reduces the lo-
cal significance to 5.9σ .

The global significance of a local 5.9σ excess anywhere in the
mass range 110–600 GeV is estimated to be approximately 5.1σ ,
increasing to 5.3 σ in the range 110–150 GeV, which is approxi-
mately the mass range not excluded at the 99% CL by the LHC com-
bined SM Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measurements [12].

9.3. Characterising the excess

The mass of the observed new particle is estimated using the
profile likelihood ratio λ(mH ) for H → Z Z (∗) → 4ℓ and H → γ γ ,
the two channels with the highest mass resolution. The signal
strength is allowed to vary independently in the two channels,
although the result is essentially unchanged when restricted to
the SM hypothesis µ = 1. The leading sources of systematic un-
certainty come from the electron and photon energy scales and
resolutions. The resulting estimate for the mass of the observed
particle is 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as a function
of mH . The observed excess corresponds to µ̂ = 1.4 ± 0.3 for mH =
126 GeV, which is consistent with the SM Higgs boson hypothesis
µ = 1. A summary of the individual and combined best-fit values
of the strength parameter for a SM Higgs boson mass hypothesis
of 126 GeV is shown in Fig. 10, while more information about the
three main channels is provided in Table 7.

In order to test which values of the strength and mass of a
signal hypothesis are simultaneously consistent with the data, the
profile likelihood ratio λ(µ,mH ) is used. In the presence of a
strong signal, it will produce closed contours around the best-fit
point (µ̂,m̂H ), while in the absence of a signal the contours will
be upper limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH ) is distributed as
a χ2 distribution with two degrees of freedom. The resulting 68%
and 95% CL contours for the H → γ γ and H → W W (∗) → ℓνℓν
channels are shown in Fig. 11, where the asymptotic approxima-
tions have been validated with ensembles of pseudo-experiments.
Similar contours for the H → Z Z (∗) → 4ℓ channel are also shown
in Fig. 11, although they are only approximate confidence intervals
due to the smaller number of candidates in this channel. These
contours in the (µ,mH ) plane take into account uncertainties in
the energy scale and resolution.

The probability for a single Higgs boson-like particle to pro-
duce resonant mass peaks in the H → Z Z (∗) → 4ℓ and H → γ γ

Fig. 10. Measurements of the signal strength parameter µ for mH = 126 GeV for the
individual channels and their combination.

Fig. 11. Confidence intervals in the (µ,mH ) plane for the H → Z Z (∗) → 4ℓ, H →
γ γ , and H → W W (∗) → ℓνℓν channels, including all systematic uncertainties.
The markers indicate the maximum likelihood estimates (µ̂,m̂H ) in the corre-
sponding channels (the maximum likelihood estimates for H → Z Z (∗) → 4ℓ and
H → W W (∗) → ℓνℓν coincide).

channels separated by more than the observed mass difference, al-
lowing the signal strengths to vary independently, is about 8%.

The contributions from the different production modes in the
H → γ γ channel have been studied in order to assess any ten-
sion between the data and the ratios of the production cross

Figure 16: (left) The distribution of the transverse mass of the dilepton system and the missing
transverse momentum, mT, in the 0-jet and 1-jet channels of the H ! WW ⇤ !
eµ search for events satisfying all selection criteria (ATLAS Collaboration 2012b).
(right) Confidence intervals in the (µ, mH) plane for the H ! ��, H ! ZZ⇤ ! 4`,
and H ! WW ⇤ ! `⌫`⌫ channels, including all systematic uncertainties. The markers
indicate the maximum likelihood estimates.

TODO: Note the ATLAS and CMS combined Higgs mass measurement172:1574

mH = 125.09 ± 0.21 (stat.) ± 0.11 (syst.) GeV,

which implies a precision of better than 2 parts in 1000.1575

TODO: What is going on with the observation that the product of the Higgs branching1576

ratios is maximal near 125 GeV173.1577

TODO: Note that a minimal implementation of the Higgs mechanism is used in the1578

SM174.1579

4.3 What we can learn from the Higgs boson1580
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95% CL

68% CL

Calculate the profile likelihood ratio:

data can be represented as one or more histograms. Using the method in an unbinned analysis
is a straightforward extension.

Suppose for each event in the signal sample one measures a variable x and uses these
values to construct a histogram n = (n1, . . . , nN ). The expectation value of ni can be written

E[ni] = µsi + bi , (2)

where the mean number of entries in the ith bin from signal and background are

si = stot

!

bin i
fs(x;θs) dx , (3)

bi = btot

!

bin i
fb(x;θb) dx . (4)

Here the parameter µ determines the strength of the signal process, with µ = 0 corresponding
to the background-only hypothesis and µ = 1 being the nominal signal hypothesis. The
functions fs(x;θs) and fb(x;θb) are the probability density functions (pdfs) of the variable
x for signal and background events, and θs and θb represent parameters that characterize
the shapes of pdfs. The quantities stot and btot are the total mean numbers of signal and
background events, and the integrals in (3) and (4) represent the probabilities for an event to
be found in bin i. Below we will use θ = (θs,θb, btot) to denote all of the nuisance parameters.
The signal normalization stot is not, however, an adjustable parameter but rather is fixed to
the value predicted by the nominal signal model.

In addition to the measured histogram n one often makes further subsidiary measurements
that help constrain the nuisance parameters. For example, one may select a control sample
where one expects mainly background events and from them construct a histogram of some
chosen kinematic variable. This then gives a set of values m = (m1, . . . ,mM ) for the number
of entries in each of the M bins. The expectation value of mi can be written

E[mi] = ui(θ) , (5)

where the ui are calculable quantities depending on the parameters θ. One often constructs
this measurement so as to provide information on the background normalization parameter
btot and also possibly on the signal and background shape parameters.

The likelihood function is the product of Poisson probabilities for all bins:

L(µ,θ) =
N
"

j=1

(µsj + bj)nj

nj!
e−(µsj+bj)

M
"

k=1

umk
k

mk!
e−uk . (6)

To test a hypothesized value of µ we consider the profile likelihood ratio

λ(µ) =
L(µ, ˆ̂θ)

L(µ̂, θ̂)
. (7)

Here ˆ̂
θ in the numerator denotes the value of θ that maximizes L for the specified µ, i.e.,

it is the conditional maximum-likelihood (ML) estimator of θ (and thus is a function of µ).

4

Similar to the Likelihood, but does not 
depend on the nuisance parameters.

“Profiling”
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Figure 9: The distributions
f(qµ|0) (red) and f(qµ|µ) (blue)
from both the asymptotic formulae
and Monte Carlo histograms (see
text).

The vertical line in Fig. 9 gives the median value of qµ assuming a strength parameter
µ′ = 0. The area to the right of this line under the curve of f(qµ|µ) gives the p-value of
the hypothesized µ, as shown shaded in green. The upper limit on µ at a confidence level
CL = 1−α is the value of µ for which the p-value is pµ = α. Figure 9 shows the distributions
for the value of µ that gave pµ = 0.05, corresponding to the 95% CL upper limit.

In addition to reporting the median limit, one would like to know how much it would vary
for given statistical fluctuations in the data. This is illustrated in Fig. 10, which shows the
same distributions as in Figure 9, but here the vertical line indicates the 15.87% quantile of the
distribution f(qµ|0), corresponding to having µ̂ fluctuate downward one standard deviation
below its median.
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q
µ

15.87% quantile (median−1σ)

Figure 10: The distributions
f(qµ|0) (red) and f(qµ|µ) (blue) as
in Fig. 9 and the 15.87% quantile of
f(qµ|0) (see text).

By simulating the experiment many times with Monte Carlo, we can obtain a histogram
of the upper limits on µ at 95% CL, as shown in Fig. 11. The ±1σ (green) and ±2σ (yellow)
error bands are obtained from the MC experiments. The vertical lines indicate the error
bands as estimated directly (without Monte Carlo) using Eqs. (88) and (89). As can be seen
from the plot, the agreement between the formulae and MC predictions is excellent.

Figures 9 through 11 correspond to finding upper limit on µ for a specific value of the peak
position (mass). In a search for a signal of unknown mass, the procedure would be repeated
for all masses (in practice in small steps). Figure 12 shows the median upper limit at 95% CL
as a function of mass. The median (central blue line) and error bands (±1σ in green, ±2σ in
yellow) are obtained using Eqs. (88) and (89). The points and connecting curve correspond
to the upper limit from a single arbitrary Monte Carlo data set, generated according to the
background-only hypothesis. As can be seen, most of the plots lie as expected within the
±1σ error band.
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• Construct test statistic: 

• Analogous to a      dist., 
larger values of     
indicate greater 
incompatibility.

• Throw pseudo 
experiments to find        
which has a p-value of 5%.

• If this signal strength were 
there, only 5% of 
experiments would have 
higher qµ.  ⇒ 95% CL or 2σ

qµ = �2ln(�(µ))

�2

qµ

µ95
up

Sample the test statistic with pseudo experiments

 [GeV]Z'm
500 1000 1500 2000 2500

) [
pb

]
ττ

→
Z'(

B ×
 +

 X
) 

Z'
→

pp(
σ

-310

-210

-110

1
ATLAS -1 = 8 TeV, 19.5 - 20.3 fbs

95% credibility limits

Observed limits
Expected limits

SSMZ'

hadτlepτ hadτhadτ Comb.

 [GeV]Z'm
500 1000 1500 2000 2500

) [
pb

]
ττ

→
Z'(

B ×
 +

 X
) 

Z'
→

pp(
σ

-310

-210

-110

1
ATLAS -1 = 8 TeV, 19.5 - 20.3 fbs

 combinedhadτlepτ + hadτhadτ

95% credibility limits

Expected limit
σ 1±Expected 
σ 2±Expected 

Observed limit
LZ'Observed 
RZ'Observed 

SSMZ'

Figure 8. Bayesian 95% credibility upper limits on the cross section times ditau branching fraction
for a Z

0 in the Sequential Standard Model. The figure shows (left) an overlay of the observed (solid
lines with filled markers) and expected (dashed lines with empty markers) limits in each channel
and for the combination, and (right) the combined limit with 1� and 2� uncertainty bands and an
overlay of the impact of the Z

0
L

/Z 0
R

models. The width of the Z

0
SSM

theory band represents the
theoretical uncertainty from the PDF error set, the choice of PDF as well as the strong coupling
constant.

φ2sin

0.1 0.2 0.3 0.4 0.5

 [G
eV

]
Z'

m

1000

2000

3000 ATLAS -1 = 8 TeV, 19.5 - 20.3 fbs

(221) modelGNon-universal 

95% CL limits searchττATLAS 
Indirect (EWPT)
Indirect (LFV)
Indirect (CKM)

-pole)ZIndirect (

Figure 9. Observed 95% CL exclusion in the non-universal G(221) parameter space from the
combination of the ⌧

had

⌧

had

and ⌧

lep

⌧

had

channels (blue). Indirect limits at 95% CL from fits
to electroweak precision measurements (EWPT) [27], lepton flavour violation (LFV) [28], CKM
unitarity [29] and the original Z-pole data [8] are overlaid.

– 20 –

mass of new physics

cr
os

s 
se

ct
io

n 
~

 µ

not sensitive 
yet

excludes 
Z’SSM with 

mass ≤ 2.02 TeV

p = 5%

e.g. Z’→ττ search limit plot

^excluded^



Model e, µ, τ, γ Jets Emiss

T

!
L dt[fb−1] Mass limit Reference

In
cl

u
si

ve
S

e
a

rc
h

e
s

3
rd

g
e

n
.

g̃
m

e
d

.
3

rd
g

e
n

.
sq

u
a

rk
s

d
ir

e
ct

p
ro

d
u

ct
io

n
E

W
d

ir
e

ct
L

o
n

g
-l

iv
e

d
p

a
rt

ic
le

s
R

P
V

Other

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃γ, q̃→qχ̃
0
1 (compressed) 1 γ 0-1 jet Yes 20.3 m(q̃)-m(χ̃

0
1 ) = m(c) 1411.1559250 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20 m(χ̃
0
1)<300 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1501.035551.2 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853, 1412.474290-191 GeVt̃1 215-530 GeVt̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ 1-2 b Yes 20 m(χ̃
0
1)=1 GeV 1407.0583,1406.1122210-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1
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1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−
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Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
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Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃
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0
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1
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0
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0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′
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=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
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1→Wχ̃
0
1, χ̃

0
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±
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1
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1
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1 , χ̃
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0
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0
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±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1
√

s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Feb 2015

ATLAS Preliminary
√

s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



July 4, 2012
CERN announces the discovery of a new particle by 
ATLAS and CMS, consistent with the Higgs boson

July 5 cover of the New York Times:

“Physicists Find Elusive Particle 
Seen as Key to the Universe”

Fabiola Gianotti
ATLAS Spokesperson

Joe Incandela
CMS Spokesperson
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K. Nikolopoulos Nov 14th, 2012H→γγ and H→ZZ at ATLAS

Η→ZZ(*)→4l: Results of Event Selection

23

Signal ZZ(*) Other
Backgrounds

Observed

4µ 2.09±0.30 1.12±0.05 0.13±0.04 6

2µ2e/2e2µ 2.29±0.33 0.80±0.05 1.27±0.19 5

4e 0.90±0.14 0.44±0.04 1.09±0.20 2

for m4l  region with 125±5GeV

Expected S/B for mH=125 GeV
4µ ~1.6

2e2µ/2µ2e ~1.0
4e ~0.6

K. Nikolopoulos Nov 14th, 2012H→γγ and H→ZZ at ATLAS

Η→γγ: mγγ spectra

11

all categories

Higgs mass bumps

22Ryan Reece (Penn)

H→ɣɣ H→ZZ→4l

• Two channels with precise mass measurements: 
H→ɣɣ , H→ZZ→4l .

• H→WW also observes a broad excess.

[arxiv: 1207.7214]
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Nov 12-14, 2012 Eric Feng (ANL) -  Higgs Couplings 4

Mass and spin/CP
 Precision mass measurements using

highest mass resolution channels,
H→ZZ*→4l and H→γγ

– Need to confirm mass value
with independent channels

 Best-fit mass from discovery:
m

H
 = 126 +/- 0.4 (stat) +/- 0.4 GeV (syst)

– With 4.8+5.9 fb-1, mass in 4l and
γγ channels consistent within
experimental resolution

 Spin and CP measurements needed to
identify as SM Higgs boson (0+) or
some other particle

– Measure angular correlations
of decay products

– Possibililities include
graviton (spin 2), 2HDM in
SUSY (CP odd), etc

arXiv:1001.3396 [hep-ph]
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νlν l→ WW* →Expected H 

νlν l→ WW* →Observed H 

 bb→Expected H 

 bb→Observed H 
ττ →Expected H 

ττ →Observed H 

ATLAS 2011 + 2012 Data
 = 7 TeVs, -1 L dt ~ 4.6-4.8 fb∫  = 8 TeVs, -1 L dt ~ 5.8-5.9 fb∫

σ0 
σ1 
σ2 
σ3 
σ4 

σ5 

σ6 

Lo
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l p
0

Higgs Confidence

23

• Local p0 = 1.7⨉10-9, corresponding to 5.9σ
• Particle physics has a conservative traditional threshold of 

significance for claiming discovery of 5σ ⇒ p0 = 2.9⨉10-7 

                                                                             = 1 in 3.5 million

Inconsistent with background only Consistent with SM Higgs

SM µ=1

[arxiv: 1207.7214]
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Naturalness or multiverse?

24

“If the LHC finds Higgs couplings
deviating from the SM prediction
and new degrees of freedom at
the TeV scale, then the most 
important question will be to 
see if a consistent and natural (in the technical sense) explanation of EW 
breaking emerges from experimental data.  But if the LHC discovers that 
the Higgs boson is not accompanied by any new physics, then it will be 
much harder for theorists to unveil the underlying organizing principles 
of nature.  The multiverse, although being a stimulating physical concept, 
is discouragingly difficult to test from an empirical point of view.  The 
measurement of the Higgs mass may provide a precious handle to gather 
some indirect information.”

[arxiv: 1205.6497]

CERN-PH-TH/2012–134

RM3-TH/12-9

Higgs mass and vacuum stability
in the Standard Model at NNLO

Giuseppe Degrassia, Stefano Di Vitaa, Joan Elias-Mirób, José R. Espinosab,c,

Gian F. Giudiced, Gino Isidorid,e, Alessandro Strumiag,h

(a) Dipartimento di Fisica, Università di Roma Tre and INFN Sez. Roma Tre, Roma, Italy

(b) IFAE, Universitat Autónoma de Barcelona, 08193 Bellaterra, Barcelona, Spain

(c) ICREA, Instituciò Catalana de Recerca i Estudis Avançats, Barcelona, Spain

(d) CERN, Theory Division, CH–1211 Geneva 23, Switzerland

(e) INFN, Laboratori Nazionali di Frascati, Via E. Fermi 40, Frascati, Italy

(g) Dipartimento di Fisica, Università di Pisa and INFN Sez. Pisa, Pisa, Italy

(h) National Institute of Chemical Physics and Biophysics, Tallinn, Estonia

Abstract

We present the first complete next-to-next-to-leading order analysis
of the Standard Model Higgs potential. We computed the two-loop
QCD and Yukawa corrections to the relation between the Higgs
quartic coupling (�) and the Higgs mass (Mh), reducing the theo-
retical uncertainty in the determination of the critical value of Mh

for vacuum stability to 1 GeV. While � at the Planck scale is re-
markably close to zero, absolute stability of the Higgs potential is
excluded at 98% C.L. for Mh < 126GeV. Possible consequences of
the near vanishing of � at the Planck scale, including speculations
about the role of the Higgs field during inflation, are discussed.
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was a theorem of QFT the following year with Abdus Salam and Steven Weinberg82.1020

TODO: The mechanism was proposed in 1962 by Philip Anderson, inspired by Schwinger83.1021

In 1964, three groups: Robert Brout and Francois Englert84; Peter Higgs85; and Gerald1022

Guralnik, Carl R. Hagen, and Tom Kibble86, independently demonstrated an exception to1023

Goldstone’s theorem, showing that Goldstone bosons do not occur when a spontaneously1024

broken symmetry is local. Instead, the Goldstone mode provides the third polarization of1025

a massive vector field, resulting in massive gauge bosons. The other mode of the original1026

scalar doublet remains as a massive spin-zero particle, the Higgs boson. This is the Englert-1027

Brout-Higgs-Guralnik-Hagen-Kibble mechanism, or Higgs mechanism. In the SM, the Higgs1028

boson also couples to the fermions, generating their bare masses, as discussed briefly later1029

in Section 3.6 and 3.7.1030

Electroweak symmetry breaking in the SM1031

The Higgs mechanism is utilized in the unified model of the electroweak interactions of1032

Sheldon Glashow87, Steven Weinberg88, and Abdus Salam89, that forms the modern basis1033

of the Standard Model. As implemented in the SM, the Higgs mechanism couples the1034

SU(2)L and the U(1)Y parts of the gauge symmetry through a Higgs field that is a complex1035

scalar invariant under U(1)Y and an SU(2)L doublet:1036

� ⌘
 

�+

�0

!
: ( 1,2,

1

2
) ,

where both �+ and �0 are complex numbers. The potential of the Higgs field is expanded1037

as1038

V (�) = µ2 �† � + �
����† �

���
2

.

To spontaneously break the symmetry, the potential V (�) is chosen to have an unstable1039

maximum at � = 0 by requiring that µ2 < 0 (see Figure 4). Finding the minimum of the1040

potential:1041

µ2 + 2 � �†�
���
min

= 0

gives degenerate minima with1042

�† � = |�|2 = |�+|2 + |�0|2 =
�µ2

2 �
.

82 Goldstone et al. (1962).
83 Schwinger (1962). Anderson (1963).
84 Englert and Brout (1964).
85 Higgs (1964b,a).
86 Guralnik et al. (1964).
87 Glashow (1961).
88 Weinberg (1967).
89 Salam and Ward (1964b,a); Salam (1968).
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Instability
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Gauge invariance is deep!

25

• Loyalty to the gauge principle
motivated the Higgs mechanism.

• Some have described gauge freedom as a
“redundancy of description”.

• But it is also a symmetry, similar to spatial rotations but in
the internal space of the field.

• Can be rotated locally, independently at every spacetime point.

• What does it mean for the laws of nature to be describable by the 
continuous symmetries of Lie groups? 

• What does it mean that the state of the universe can be represented as 
an element of a complex vector space, a Hilbert space?

Spacetime
Internal gauge space

local U(1) phaseWhy do gauge theories work?
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14 The ATLAS Collaboration: Electron performance measurements with the ATLAS detector
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1 1.5 2 2.5 3 3.5 4

Ev
en

ts
 / 

0.
07

5 
G

eV

0
200
400
600
800

1000
1200
1400
1600
1800
2000

Data
Fit

 MCee→ψJ/
Background from fit

2 MeV± = 3080
data
µ

1 MeV±  = 3083
MC
µ

2 MeV± =   132dataσ
1 MeV±  =   134MCσ

ATLAS =7 TeV,sData 2010,   ∫ -140 pb≈tdL

Fig. 9. Reconstructed dielectron mass distribution for J/ψ → ee decays, as measured after applying the baseline Z → ee
calibration. The data (full circles with statistical error bars) are compared to the sum of the MC signal (light filled histogram)
and the background contribution (darker filled histogram) modelled by a Chebyshev polynomial. The mean (µ) and the Gaussian
width (σ) of the fitted Crystal Ball function are given both for data and MC.

Table 4. Measured effective constant term cdata (see Eq. 6) from the observed width of the Z → ee peak for different calorimeter
η regions.

Sub-system η-range Effective constant term, cdata

EMB |η| < 1.37 1.2% ± 0.1% (stat) + 0.5%
− 0.6% (syst)

EMEC-OW 1.52 < |η| < 2.47 1.8% ± 0.4% (stat) ± 0.4% (syst)
EMEC-IW 2.5 < |η| < 3.2 3.3% ± 0.2% (stat) ± 1.1% (syst)
FCal 3.2 < |η| < 4.9 2.5% ± 0.4% (stat) + 1.0%

− 1.5% (syst)

The results obtained for the effective constant term
are shown in Table 4. Several sources of systematic uncer-
tainties are investigated. The dominant uncertainty is due
to the uncertainty on the sampling term, as the constant
term was extracted assuming that the sampling term is
correctly reproduced by the simulation. To assign a sys-
tematic uncertainty due to this assumption, the simulation
was modified by increasing the sampling term by 10%. The
difference in the measured constant term is found to be
about 0.4% for the EM calorimeter and 1% for the forward
calorimeter. The uncertainty due to the fit procedure was
estimated by varying the fit range. The uncertainty due
to pile-up was investigated by comparing simulated MC
samples with and without pile-up and was found to be
negligible.

6 Efficiency measurements

In this section, the measurements of electron selection effi-
ciencies are presented using the tag-and-probe method [31,
32]. Z → ee events provide a clean environment to study
all components of the electron selection efficiency dis-
cussed in this paper. In certain cases, such as identification
or trigger efficiency measurements, the statistical power
of the results is improved using W → eν decays, as well.
To extend the reach towards lower transverse energies,

J/ψ → ee decays are also used to measure the electron
identification efficiency. However the available statistics
of J/ψ → ee events after the trigger requirements in the
2010 data sample are limited and do not allow a precise
separation of the isolated signal component from b-hadron
decays and from background processes.

6.1 Methodology

A measured electron spectrum needs to be corrected for
efficiencies related to the electron selection in order to de-
rive cross-sections of observed physics processes or limits
on new physics. This correction factor is defined as the
product of different efficiency terms. For the case of a sin-
gle electron in the final state one can write:

C = ϵevent · αreco · ϵID · ϵtrig · ϵisol. (7)

Here ϵevent denotes the efficiency of the event preselec-
tion cuts, such as primary vertex requirements and event
cleaning. αreco accounts for the basic reconstruction ef-
ficiency to find an electromagnetic cluster and to match
it loosely to a reconstructed charged particle track in the
fiducial region of the detector and also for any kinematic
and geometrical cuts on the reconstructed object itself.
ϵID denotes the efficiency of the identification cuts rela-
tive to reconstructed electron objects. ϵtrig stands for the

26

J/ψ→e+e- 
candidate event

ele
ctr

on

po
sitr

on

⇒J/ψ   m = 3.2 GeV

e-

e+

Real Patterns

• An excitation in a Dirac spinor 
field representation of 
SU(2)xU(1), the “Platonic electron”.

• A software object with a 
reconstructed track and 
calorimeter deposit, passing some 
selection cuts, the “pragmatist 
electron”.

• A set of voltages and timings 
read-out from the detector,
the “Ramsified electron”.

➡ Reality has a hierarchy of onion 
layers, but it has real patterns 
(Dennett 1991).

What is an electron?

J/ψ
background
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Summary

27

• Particle physics probes very deep questions about what the 
world is made of, how it works, and how it got here.

• While this school is specifically about ontology, I also want 
to emphasize that physics has a profound 
epistemology grounded in statistical significance.

• Physicists have learned to statistically justify their claims, 
and have often lead in developing statistical theory and 
methods.

‣ PhyStat - Conference/Workshop with statisticians and LHC physicists 
(2002, 03, 05, 07, 11): https://plone4.fnal.gov:4430/P0/phystat/

https://plone4.fnal.gov:4430/P0/phystat/
https://plone4.fnal.gov:4430/P0/phystat/
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Higgs-portal to Dark Matter?

30[arxiv:1402.3244]

5
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FIG. 3. Upper limits on �ZH ⇥ BR(H ! inv.) at 95%
CL for a Higgs boson with 110 < mH < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show
the observed and expected limits, respectively.

didate is considered and is either a scalar, a vector or a
Majorana fermion. The Higgs–nucleon coupling is taken
as 0.33+0.30

�0.07 [65], the uncertainty of which is expressed
by the bands in the figure. Spin-independent results
from direct-search experiments are also shown [66–73].
These results do not depend on the assumptions of the
Higgs-portal scenario. Within the constraints of such
a scenario however, the results presented in this Letter
provide the strongest available limits for low-mass DM
candidates. There is no sensitivity to these models once
the mass of the DM candidate exceeds mH/2. A search
by the ATLAS experiment for DM in more generic mod-
els, also using the dilepton + large Emiss

T final state, is
presented in Ref. [74].
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the LHC, as well as the support sta↵ from our insti-
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Particle Physics

1. What is matter?
2. How does it interact?

Fundamental questions
of particle physics:

Four fundamental forces at low energies:

1. Gravity - very weak, no complete quantum theory

2. Electromagnetism - binds atoms, chemistry

3. Strong force - nuclear range, binds nuclei 

4. Weak force - nuclear range, radioactivity, solar fusion
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What is quantum mechanics?

• Hilbert spaces 

• Superposition principle

• Born rule

• Wigner’s theorem

33

A bird’s-eye view of the development and structure the SM of particle physics

(or a direct product of them in multi-particle systems). Observables are represented by378

Hermitian operators with possible outcomes corresponding to their eigenvalues:379

Ĥ |ni = En |ni .

A quantum state need not be in an eigenstate of an observable, but can be in any linear380

superposition of states:381

| i =
X

n

an |ni ,

and the probability of observing any specific outcome is given by the Born rule:382

P (n) = | hn| i |2 = |an|2 .

In the book’s introduction, von Neumann comments on the success quantum theory383

had already had in predicting experiments throughout the 1920s, but he also noted the384

conceptual revolution the theory was bringing19:385

And, what was fundamentally of greater significance, was that the general opin-386

ion in theoretical physics had accepted the idea that the principle of continuity387

(“natura non facit saltus”), prevailing in the perceived macrocosmic world, is388

merely simulated by an averaging process in a world which in truth is discon-389

tinuous by its very nature.390

With these stable foundations, the known consequences of quantum theory continued391

to build. In 1940, Pauli discovered the spin-statistics theorem20 which fundamentally con-392

strains the statistics obeyed by identical particles: whether their state is even (bosons) or393

odd (fermions) under exchange, depends directly on the spin of the particles. Integer-spin394

particles must be bosons, and half-integer-spin particles must be fermions. This single fact395

has the dramatic observable consequence that the spin-1
2 fermions of the SM form stable396

matter by stacking their states in bound systems like nuclei, atoms, and molecules, while397

the spin-1, force-carrying bosons are free to fill the same state.398

Applications399

This and other developments have led to rapid progress in the last century in the un-400

derstanding and applications of quantum theory. Some of the applications of quantum401

mechanics include: forming the framework for understanding chemical bonding in the field402

of computational chemistry, describing many of the electrical properties of semiconductors403

19 von Neumann (1932).
20 Pauli (1940). The source and consequences of the spin-statistics theorem are discussed in more detail

in Section 2.4.
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) Û †(✓a) Û(✓a) = 1̂

Any unitary operator can be written as

Û(✓a) = e�i ˆG
a

✓
a

where Ĝa are hermitian, insuring that Û(✓a) is unitary. In the limit ✓a go to zero, the

transformation operator becomes the identity, as one would expect.

Û(✓a) = 1̂ � i Ĝa ✓a + . . .

Similar to the generators discussed in the Section 2.7 on internal symmetries, Ĝa are know

as the “generators” of some transformation.

We represent spacetime translations in the Hilbert space by

Û(xµ) = e�i ˆT
µ

xµ

where xµ the spacetime four-vector by which the system was translated. And we represent

the Lorentz transformations in the Hilbert space by

Û(✓µ⌫) = e�i ˆL
µ⌫

✓µ⌫

What could these generators be? What quantities are fundamentally associated with the

spacetime translation and the Lorentz transformations? Noether’s theorem points out that

the Noether charges are fundamentally linked to the symmetry of a transformation. Follow-

ing this hint, we state what this text calls The Fundamental Postulate of Quantum

Mechanics:3

The generators of the representation of a transformation in the Hilbert space

are the operators representing the classical Noether’s Charges that are con-

served under that transformation.

In other words, T̂µ = P̂µ and L̂µ⌫ = 1

2

M̂µ⌫ (the 1

2

is just a convention). Therefore, the

operation of translating a system by xµ in spacetime is represented by the following in the

Hilbert space.

Û(xµ) = e�i ˆP
µ

xµ

(88)

Similarly, a Lorentz transformation where ✓µ⌫ parametrizes a combination of boosts and

rotations, is represented by

Û(✓µ⌫) = e�i 1
2

ˆM
µ⌫

✓µ⌫

(89)

3 TODO: Note this is actually a rephrasing of Wigner’s theorem as the cornerstone of quantum mechanics.

27

R. Reece
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Û(✓µ⌫) = e�i ˆL
µ⌫

✓µ⌫

What could these generators be? What quantities are fundamentally associated with the

spacetime translation and the Lorentz transformations? Noether’s theorem points out that

the Noether charges are fundamentally linked to the symmetry of a transformation. Follow-

ing this hint, we state what this text calls The Fundamental Postulate of Quantum

Mechanics:3

The generators of the representation of a transformation in the Hilbert space

are the operators representing the classical Noether’s Charges that are con-

served under that transformation.

In other words, T̂µ = P̂µ and L̂µ⌫ = 1

2

M̂µ⌫ (the 1

2

is just a convention). Therefore, the

operation of translating a system by xµ in spacetime is represented by the following in the

Hilbert space.
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Wave function

A bird’s-eye view of the development and structure the SM of particle physics

Clarifying field vs wave function vs state vector549

TODO: See Peskin and Schroeder43.550

hx| i =  (x)

551

hx|ni =  n(x)
552

i
@

@t
Û(t) | i = Ĥ Û(t) | i

2.4 The importance of symmetry553

Complementary to the conceptual revolutions that were happening in modern physics during554

the late 19th and early 20th century due to the development of the theories of quantum555

mechanics and general relativity, several ideas in mathematics also advanced at that time556

and have forever changed how theories of physics are constructed. Most importantly were557

several developments that deepened the understanding of the implications of symmetry558

on physical systems, including a maturing of the fields of variational calculus, di↵erential559

geometry, group theory, and algebraic geometry.560

Noether’s theorem561

Foremost is Noether’s theorem of di↵erential symmetries, proved by Emmy Noether in 1915562

and published44 in 1918, which explained that physical quantities that are conserved in563

time, like energy or momentum, are fundamentally a consequence of the symmetries of564

the theory. It says that any di↵erentiable symmetry of the action of a physical system565

has a corresponding conservation law. It generalizes the constants of motion observed in566

Lagrangian and Hamiltonian mechanics. For example, energy conservation is a consequence567

of time-translation invariance; angular momentum conservation is a consequence of rotation568

invariance, etc. (see Table 1). This revolutionized how physicists describe their theories569

in the most fundamental and compact form: by specifying the symmetries obeyed by a570

system. The study of di↵erential and continuous symmetries is the study of Lie groups45, a571

field founded by the work of Sophus Lie and Friedrich Engel, and extended by Élie Cartan,572

who succeeded in classifying all the simple Lie groups, which can each be thought of as573

a di↵erentiable manifold that is simply connected, and where each point on the manifold574

43 Peskin and Schroeder (1995)?.
44 Noether (1918).
45 Many Lie groups are especially useful in physics, for example to describe gauge invariance, as discussed

in Section 2.6. Examples of Lie groups include the special orthogonal and special unitary groups, SO(n) and
SU(n), which are the set of all n ⇥ n orthogonal/unitary matrices with determinate 1, which describe the
group of rotations in the space Rn and Cn, respectively.
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Schrodinger Equation

Decoherence

(in principle, and given infinite computing power). But in another sense it is
a top-down process: no algorithmic process, applied to a complex system, will
tell us what higher-level phenomena to look for in that system. What makes it
true that (say) a given lump of organic matter has intentions and desires is not
something derivable algorithmically from that lump’s microscopic constituents;
it is the fact that, when it occurs to us to try interpreting its behaviour in terms
of beliefs and desires, that strategy turns out to be highly e↵ective.

3 Decoherence and quasiclassicality

We now return to quantum mechanics, and to the topic of decoherence. In this
section I will briefly review decoherence theory, in a relatively simple context
(that of non-relativistic particle mechanics) and in the environment-induced
framework advocated by, e. g. , Joos, Zeh, Kiefer, Giulini, Kubsch, and Stame-
tescu (2003) and Zurek (1991, 2003). (An alternative formalism — the “deco-
herent histories” framework advocated by, e. g. , Gell-Mann and Hartle (1990)
and Halliwell (1998) — is presented in the Introduction to this volume and in
Halliwell’s contribution to this volume.)

The basic setup is probably familiar to most readers. We assume that the
Hilbert space H of the system we are interested in is factorised into “system”
and “environment” subsystems, with Hilbert spaces HS and HE respectively —

H = HS ⌦HE . (1)

Here, the “environment” might be a genuinely external environment (such as
the atmosphere or the cosmic microwave background); equally, it might be an
“internal environment”, such as the microscopic degrees of freedom of a fluid.
For decoherence to occur, there needs to be some basis {|↵i} of HS such that
the dynamics of the system-environment interaction give us

|↵i⌦| i �! |↵i⌦| ;↵i (2)

and
h ;↵| ;�i ' �(↵� �). (3)

on timescales much shorter than those on which the system itself evolves. (Here
I use ↵ as a “schematic label”. In the case of a discrete basis �(↵ � �) is
a simple Kronecker delta; in the case of a continuous basis, such as a basis of
wavepacket states, then (3) should be read as requiring h↵|�i ' 0 unless ↵ ' �.)
In other words, the environment e↵ectively “measures” the state of the system
and records it. (The orthogonality requirement can be glossed as “record states
are distinguishable”, or as “record states are dynamically su�ciently di↵erent”,
or as “record states can themselves be measured”; all, mathematically, trans-
late into a requirement of orthogonality). Furthermore, we require that this
measurement happens quickly: quickly, that is, relative to other relevant dy-
namical timescales for the system. (I use “decoherence timescale” to refer to
the characteristic timescale on which the environment measures the system.)
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QFT & SM Heroes

34
Wilson't Hooft, Veltman

Feynman Tomonaga Schwinger

Glashow, Salam, Weinberg 

Higgs 
(Anderson/Englert/Brout/

Guralnik/Hagen/Kibble)
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Discoveries in the SM
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SM Lagrangian
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3.2 The Standard Model Lagrangian955

LYM+Higgs = � 1

4
tr Fµ⌫ Fµ⌫ + i  ̄ �µ Dµ  + |Dµ�|2 � V (�)

�
⇣
yij  ̄Li �  Rj + yij  ̄Ri �̃  Lj + h.c.

⌘

The SM is a Yang-Mills theory with the gauge group: SU(3)C ⇥ SU(2)L ⇥ U(1)Y, and956

with the particular combination of triplet/doublet/singlet representations of fermions dis-957

cussed in the previous section. Additionally, an SU(2) doublet of complex scalar Higgs958

fields is coupled to the electroweak gauge bosons and to the fermions following the Higgs959

mechanism discussed in the following section.960

The full Lagrangian density is961

kinetic energies and self-interactions of the gauge bosons

LSM = � 1

4
Bµ⌫ Bµ⌫ � 1

4
tr W a

µ⌫ W aµ⌫ � 1

4
tr G↵

µ⌫ G↵µ⌫

kinetic energies and electroweak interactions of the left-handed fermions

+ L̄i �
µ
⇣
i @µ � 1

2
g1 Yil Bµ � 1

2
g2 �

a W a
µ

⌘
Li

kinetic energies and electroweak interactions of the right-handed fermions

+ R̄i �
µ
⇣
i @µ � 1

2
g1 Yir Bµ

⌘
Ri

strong interactions between quarks and gluons

+
i g3

2
Q̄j �

µ �↵ G↵
µ Qj

electroweak boson masses and Higgs couplings

+
1

2

����
⇣
i @µ � 1

2
g1 Bµ � 1

2
g2 �

a W a
µ

⌘
�

����
2

� V (�)

fermion masses and Higgs couplings

�
⇣
yd

k` L̄k � R` + yu
k` R̄k �̃ L` + h.c.

⌘
.

962

It is important to note that there are several types of spaces being indexed above. Some963

remarks about notation:964

• Bµ⌫ , W a
µ⌫ , and G↵

µ⌫ are the field strength tensors defined for the gauge field of U(1)Y:965

Bµ⌫ ⌘ @µ B⌫ � @⌫ Bµ ,
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LSZ Reduction Formula
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formula71 as

Sfi = hf |Ŝ|ii

= G̃(n)(�pf , . . . , pi)
Y

f

⇣
G̃(2)(pf )

⌘�1 Y

i

⇣
G̃(2)(pi)

⌘�1

= ⇥
nY

i,f

 !�1

= �iM

= �i M (2 ⇡)4 �4
⇣X

pi �
X

pf

⌘
,

where G̃(n) denotes the momentum-space Fourier transform of the space-time n-point cor-695

relation function:696

G̃(n)(p1, . . . , pn) ⌘
nY

i

Z
d4pi

(2 ⇡)4
e�i pi·xi

�
G(n)(x1, . . . , xn) .

The expansion of the in-coming and out-going states as momentum eigenstates introduces697

inverse factors of the propagators that cancel the factors of propagators appearing in G(n).698

The irreducible matrix element, M, is defined as the remaining part of the diagram, with the699

external lines held on mass-shell, but summing over all connected intermediate possible dia-700

grams, and integrating over all possible virtual momenta. An overall momentum-conserving701

�-function will always result, and a factor of �i is often factored out by convention.702

Scattering cross sections703

The scattering theory developed from QFT is especially useful for describing the event704

rates in experiments at particle colliders. At particle colliders like the LHC, two anti-705

parallel beams of particles of known energies are squeezed to cross in a small cross-sectional706

area of the order of a few hundred square microns. In such a scenario one can show that707

the di↵erential collision rate for some process, dN/dt, factors into the luminosity, L, that708

characterizes the flux of particles in the beam per area per time, and the di↵erential cross709

71 Lehmann et al. (1955).
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Indeterminacy of reference?

• Button and Walsh. (2015).  “Ideas and Results in Model 
Theory: Reference, Realism, Structure and Categoricity”. 
arxiv:1501.00472.

• Differing views on categoricity

• I doubt one could rename-away the Higgs field, for 
example, being the only scalar field in th SM.
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propositions

true beliefs

knowledge
false

well-formed

false positives

good guesses

ill-formed

nonsense

denial

lucky denial

Gettier cases

(CC-BY 4.0)  2014 Ryan Reece  philosophy-in-figures.tumblr.com  

justified

39

Knowledge = JTB-G
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realism anti-realism

Scientific Realism
Science makes real progress 
in describing real features of 
the world.

philosophy of science

Structural Realism
Science has identified real patterns, 
relationships, and structures (at least 
within a regime) in nature.

Constructive Empiricism

ESR

OSR

Instrumentalism

Science aims to give us theories which are 
empirically adequate, but does not justify 
metaphysical claims about reality.

Relativism
Social constructivism.
Epistemological 
anarchism.

Positivism

Theoretical concepts may have use in 
predicting observations, but we have 
no ontological commitments to them.

correspondence 
coherence 

PragmatismPutnam

KuhnLadyman

Quine

Maudlin Duhem

van
Fraassen

Feyerabend

Pythagoras

Peirce

French

Naive Realism
The world I see is 
real.  What are you 
all arguing about?

Carnap

Russell

Rosenberg
Sellars

Psillos

Tegmark
MUH

Hacking
Popper

Laudan

Worrall

Poincaré

Fine

Devitt

NOA

Dewey

pessimistic 
meta-induction

underdetermination

entity realism internal
realism

metaphysically
ambitious

apologetic
conservative

constructivist

eliminative

defeatist

Cartwright

Boyd

Dennett
Votsis
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