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From Lonely Planet Guidebook: 
“Hotter than hell itself in the summer. Fresno is a town that is best to just 

drive past. However, if you must stop, here are a few suggestions…”
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Milagro Irvine Michigan 
Brookhaven experiment

Super-Kamiokande D-Zero
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Sudbury Neutrino Observatory
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Hydrogen Atom Quarks and Leptons

Quarks & 
Leptons

Hydrogen Atom
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Particle physics isn’t about particles
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Use particles for 
their properties…
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Composite Higgs?

Who breaks electroweak symmetry?

Dark matter?

As keys to unlock 
fundamental principles 

Gravity?

Dark energy?

Mass hierarchy

Additional particles?
CP Violation

Majorana vs. Dirac Why is neutrino mixing so large?

Why is θ13 so small?

Unified forces?

Theories beyond the Standard Model?
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Light needs ~200,000 
years to reach the sun’s 
surface
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Use neutrinos!
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From Symmetry Magazine: Artwork by Sandbox Studio, Chicago with Corinne Mucha 23
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The 3 Sakharov conditionsg

1. Baryon number violation

Sphaleron process, active at T ↭ v

[Klinkhammer et al. (1984), Kuzmin et al. (1985)]

2. C and CP violation 3. Out of equilibrium

“. . . there is no EWPT in the SM.”
[Rummukainen et al, hep-lat/9805013]
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Allowed at high temperatures
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MatterAnti-matter
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Sakharov Conditions

Baryon number violation

C and CP violation

Out of equilibrium

Diagrams from T. Biekötter

Off by 8-10 orders of magnitude

Allowed at high temperatures
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Electroweak symmetry is restored 
Higgs vacuum expectation value is zero 
W, Z and fermions are effectively massless

The Higgs potential develops a minimum away from zero 
The Higgs field chooses one of many equivalent vacuum states 
(spontaneous symmetry breaking) 
W, Z and fermions are massive
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Two ways to break the symmetry

Crossover transition First order
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The boiling universe

32



Generating matter/anti-matter differences

Galaxies 2022, 10, 116 

top particle

E < mtt

t
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Generating matter/anti-matter differences

Galaxies 2022, 10, 116 34
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The colliding bubbles generate 
stochastic gravitational waves

Simplified view: The peak frequency depends 
on the bubble size, the phase transition 
temperature, its strength and its duration



36

10�12 10�11 10�10 10�9 10�8 10�7 10�6 10�5

f / Hz

10�14

10�12

10�10

10�8

10�6

h
2
⌦

G
W

(f
)

NANOGrav 12.5yr

SMBHB

↵tot

�
/H

T
perc
SM

Bubble wall collisions

So
un

d
w
av

es
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Figure 2: Plot showing the NANOGrav “violins” (red) [3], their standard explanation
through a power-law spectrum from the inspiral of SMBHBs with ASMBHB = 1.53 → 10→15

and ωSMBHB = 13/3 (grey) and two phase transition spectra. A characteristic bubble wall
collision spectrum is shown in orange. A sound wave-induced GWB spectrum is shown in
blue. These spectra correspond to the best-fit parameter points found in section 5 (including
cosmological constraints and demanding ε/H > 1). The blue arrows indicate how an increase
in the phase transition parameters ϑtot, T

perc

SM
or ε/H would shift the spectra.

In summary, we calculate the GWB spectrum based on the following set of DSPT
parameters:

{
ϑtot, ε/H, T

perc

SM
, ϖ

perc

DS

}
. (2.12)

In figure 2 we illustrate the generic influence of increasing ϑtot, ε/H, and T
perc

SM
on the sound

wave and bubble wall collision spectra.4 The spectra shown here correspond to the best-fit
points of the analysis including cosmological constraints presented in section 5 (with a prior
of ε/H > 1).

3 PTA data analysis

In this section, we briefly go over the methods used to analyse PTA data for common red
processes. We start by commenting on two often adapted approaches that are used to fit
arbitrary GWBs to such signals. After that, we discuss in detail why model comparisons
based on global fits require a more rigorous analysis.

In order to fit a given spectrum to the PTA data, one first has to define a deterministic
timing model for each pulsar. The timing residuals are then analysed for “white” noise
(being uncorrelated in time) and time-correlated “red” noise. To make the fit to di!erent red

4The influence of ω
perc
DS on the GWB spectrum turns out to be negligible in our work since cosmological

constraints limit it to a su!ciently small value, cf. section 5.

– 8 –

arXiv:2306.09411v1 [astro-ph.CO]

Phase transition strength 
Larger α → more latent heat released

Phase transition temperature 
Earlier transition → smaller universe → shorter λ + longer redshirt

Duration compared to the Hubble constant 
i.e. β/H = 100 is 1/100 of the Hubble time 
Smaller bubbles → shorter λ + less energy → weaker signal
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This Standard Model

Couplings 
scale with 
particle mass

No (tree-level) flavour 
changing couplings

Custodial 
symmetry of 
W/Z masses

No CP violation in 
the Higgs potential

The type of electroweak 
phase transition in the 
early universe

The Higgs boson in the SM

The SM Higgs sector is a minimal parametrisation of EW symmetry breaking
→ one fundamental scalar particle with well defined properties (once its mass is known)

Striking predictions:

1. Couplings scale with particle mass (squared)

2. No (tree-level) flavour changing couplings

3. Custodial symmetry implies
ω = M

2
W

M
2
Z cos2 ωW

= 1 at tree level

4. Absence of CP violation in the Higgs potential

5. There was no electroweak phase transition in
the early universe

[Rummukainen et al, hep-lat/9805013]
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The SM Higgs sector is a minimal parametrisation of EW symmetry breaking
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ω
exp ↑ 1.00031 ± 0.00019

[PDG (2024)]

4. Absence of CP violation in the Higgs potential

5. There was no electroweak phase transition in
the early universe

[CMS, 2412.13872]
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TOP-22-002

predicts…
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H

A 125 GeV

There is no strong electroweak phase 
transition in the early universe

The Higgs boson in the SM

The SM Higgs sector is a minimal parametrisation of EW symmetry breaking
→ one fundamental scalar particle with well defined properties (once its mass is known)

Striking predictions:

1. Couplings scale with particle mass (squared)

2. No (tree-level) flavour changing couplings

3. Custodial symmetry implies
ω = M

2
W

M
2
Z cos2 ωW

= 1 at tree level

4. Absence of CP violation in the Higgs potential

5. There was no electroweak phase transition in
the early universe

[Rummukainen et al, hep-lat/9805013]
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prediction
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Sakharov Conditions

Baryon number violation

C and CP violation

Out of equilibrium

Diagrams from T. Biekötter

Off by 8-10 orders of magnitude

No strong phase transition

Allowed at high temperatures
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The SM’s prediction of our universe



However… 

Article link 40

Our current state of 
knowledge is limited

https://www.nature.com/articles/s41586-022-04899-4


Symmetries 
• How symmetry predicts interactions 
• Physics example: same-sign WW scattering 
• Experimental theme: Jet identification

Scales 
• How physics changes with energy (temperature) 
• Physics examples: W mass + strong force coupling 
• Experimental theme: How to design a measurement

41



The ingredients to electroweak symmetry breaking

Precision Higgs

Vector boson polarisation

Additional Higgs? Higgs self-coupling
42
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There maybe more happening in the middle than I think

What the SM predicts Additional Higgs? Majorana Neutrinos?

44



Nature doesn’t violate 
unitarity - so neither 
should your theory

413 15.1 Properties of the W bosons

Thus the total decay rate of the W boson to either quarks or to the three possible
leptonic final states is

ΓW = (3 + 6 κQCD) Γ(W− → e−νe) ≈ 9.2 ×
g2

WmW

48π
= 2.1 GeV,

and the branching ratio of the W boson to hadronic final states is

BR(W→ qq′) =
6 κQCD

3 + 6 κQCD
= 67.5%. (15.9)

The prediction of ΓW = 2.1 GeV is in good agreement with the measured value of
ΓW = 2.085 ± 0.042 GeV (see Chapter 16). Because the mass of the W boson is
large, so is the total decay width, and the lifetime of the W boson is onlyO(10−25 s).

15.1.2 W-pair production

The fact that the force carrying particles of the weak interaction possess the charge
of the electromagnetic interaction is already suggestive that the weak and electro-
magnetic forces are somehow related. Further hints of electroweak unification are
provided by the observation that the coupling constants of the electromagnetic and
weak interactions are of the same order of magnitude (see Section 11.5.1). How-
ever, there are also strong theoretical arguments for why a theory with just the weak
charged current must be incomplete.

Pairs of W bosons can be produced in e+e− annihilation at an electron–positron
collider or in qq annihilation at a hadron collider. The three lowest-order Feynman
diagrams for the process e+e− → W+W− are shown in Figure 15.5. The t-channel
neutrino exchange diagram represents a purely weak charged-current process. The
s-channel photon exchange diagram is an electromagnetic process, which arises
because the W+ and W− carry electromagnetic charge. With the first two dia-
grams of Figure 15.5 alone, the calculated e+e−→W+W− cross section is found
to increase with centre-of-mass energy without limit, as shown in Figure 15.6.
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At some relatively high centre-of-mass energy, the cross section violates quantum
mechanical unitarity, whereby particle probability is no longer conserved; the cal-
culated number of W-pairs produced in the interaction exceeds the incident e+e−

flux. This problematic high-energy behaviour of the e+e− → W+W− cross section
indicates that the theory with just the first two diagrams of Figure 15.5 is incom-
plete. Because the s- and t-channel diagrams interfere negatively, the problem
would be even worse with the neutrino exchange diagram alone,

|Mν +Mγ|2 < |Mν|2.

The problem of unitarity violation in e+e− → W+W− production is resolved
naturally in the electroweak theory, which predicts an additional gauge boson, the
neutral Z. Because the contribution to the e+e− → W+W− cross section from the
Z-exchange diagram interferes negatively,

|Mν +Mγ +MZ|2 < |Mν +Mγ|2,

the calculated e+e− → W+W− cross section is well behaved at all centre-of-mass
energies, as shown in Figure 15.6. This partial cancellation only works because the
couplings of the γ, W± and the new Z boson are related to each other in the unified
electroweak model.
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WW scattering

3.4. THE V V INTERACTION AND WHY IT IS STILL INTERESTING 37

and ZZ 3 pairs.

Figure 3.7: The total W+
L W+

L scattering cross sections as a function of the center of mass
energy for different values of the HWW coupling, gHWW , Assumed here are two colliding
on-shell, unpolarized W+ beams and a 120 GeV Higgs boson. Coupling gHWW=1 (lower
black curve) corresponds to the Standard Model. Blue curves represent gHWW < 1, the
curve for gHWW=0 is equivalent to the Higgsless case. Green curves represent gHWW > 1.
Also shown is the total cross section for W+

T W+
X scattering (upper black curve, subscript

X denotes any polarization, T or L), its variations with the HWW coupling are contained
within the line width. A cut on the scattering angle that corresponds to pseudorapidity
of ±1.5 with respect to the incoming W direction was applied. Results of MadGraph
calculations.

3.4.2 Gauge boson couplings in V V scattering

As mentioned in the previous chapter, the high energy behavior of vector boson scattering
amplitudes is sensitive not only to the Higgs couplings to vector bosons (and Higgs mass),
but also to the triple and quartic vector boson couplings. As much as the former are

3ZZ should be always understood as a sum of the amplitudes for the W+W− → ZZ and ZZ → ZZ
scattering processes.

arXiv: 1412.8367 46



3.4. THE V V INTERACTION AND WHY IT IS STILL INTERESTING 37

and ZZ 3 pairs.

Figure 3.7: The total W+
L W+

L scattering cross sections as a function of the center of mass
energy for different values of the HWW coupling, gHWW , Assumed here are two colliding
on-shell, unpolarized W+ beams and a 120 GeV Higgs boson. Coupling gHWW=1 (lower
black curve) corresponds to the Standard Model. Blue curves represent gHWW < 1, the
curve for gHWW=0 is equivalent to the Higgsless case. Green curves represent gHWW > 1.
Also shown is the total cross section for W+

T W+
X scattering (upper black curve, subscript

X denotes any polarization, T or L), its variations with the HWW coupling are contained
within the line width. A cut on the scattering angle that corresponds to pseudorapidity
of ±1.5 with respect to the incoming W direction was applied. Results of MadGraph
calculations.

3.4.2 Gauge boson couplings in V V scattering

As mentioned in the previous chapter, the high energy behavior of vector boson scattering
amplitudes is sensitive not only to the Higgs couplings to vector bosons (and Higgs mass),
but also to the triple and quartic vector boson couplings. As much as the former are

3ZZ should be always understood as a sum of the amplitudes for the W+W− → ZZ and ZZ → ZZ
scattering processes.

arXiv: 1412.8367 

4−10

3−10

2−10

1−10

1υV
m  V

κ
 o

r 
υf
m  f

κ

W
t

Z

b

µ

τ

SM Higgs boson

 (13 TeV)-1138 fbCMS
=125.38 GeVHm

 = 37.5%
SM
p  

1−10 1 10 210
Particle mass (GeV)

0.6
0.8
1.0
1.2
1.4

R
at

io
 to

 S
M

0.95

1.00

1.05

4−10

3−10

2−10

1−10

1vV
m

V
κ

 o
r 

vF
m F

κ

µ

τ
b

W Z
t

 (13 TeV)-135.9-137 fb

CMS Preliminary
 = 125.38 GeVHm

p-value = 44%

1−10 1 10 210
particle mass (GeV)

0.5

1

1.5

R
at

io
 to

 S
M

SM Prediction: the Higgs 
(i.e. its couplings) exactly 
make the scattering finite

47



3.4. THE V V INTERACTION AND WHY IT IS STILL INTERESTING 37

and ZZ 3 pairs.

Figure 3.7: The total W+
L W+

L scattering cross sections as a function of the center of mass
energy for different values of the HWW coupling, gHWW , Assumed here are two colliding
on-shell, unpolarized W+ beams and a 120 GeV Higgs boson. Coupling gHWW=1 (lower
black curve) corresponds to the Standard Model. Blue curves represent gHWW < 1, the
curve for gHWW=0 is equivalent to the Higgsless case. Green curves represent gHWW > 1.
Also shown is the total cross section for W+

T W+
X scattering (upper black curve, subscript

X denotes any polarization, T or L), its variations with the HWW coupling are contained
within the line width. A cut on the scattering angle that corresponds to pseudorapidity
of ±1.5 with respect to the incoming W direction was applied. Results of MadGraph
calculations.

3.4.2 Gauge boson couplings in V V scattering

As mentioned in the previous chapter, the high energy behavior of vector boson scattering
amplitudes is sensitive not only to the Higgs couplings to vector bosons (and Higgs mass),
but also to the triple and quartic vector boson couplings. As much as the former are

3ZZ should be always understood as a sum of the amplitudes for the W+W− → ZZ and ZZ → ZZ
scattering processes.

arXiv: 1412.8367 
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H

The simplest 
solution
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125 GeV Higgs boson: The stress test
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Data: [CMS-PAS-HIG-21-018] [ATLAS-CONF-2025-006], [CMS, 
2509.22535] [ATLAS, 2207.00092] [ATLAS and CMS, 2309.03501]

How much wiggle room is there?



125 GeV Higgs boson: The stress test
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+ 2nd scalar 
singlet

S

Work of Thomas Biekötter 

Data: [CMS-PAS-HIG-21-018] [ATLAS-CONF-2025-006], [CMS, 
2509.22535] [ATLAS, 2207.00092] [ATLAS and CMS, 2309.03501]
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+ 2nd scalar 
doublet

H+H H- A

Work of Thomas Biekötter 

Data: [CMS-PAS-HIG-21-018] [ATLAS-CONF-2025-006], [CMS, 
2509.22535] [ATLAS, 2207.00092] [ATLAS and CMS, 2309.03501]



Polarisation for massive states

For photons, there are two 
perpendicular polarisation states

Massive particles have a rest frame! 
There are three spin projections: ms =−1,0,+1 
Leading to three polarization states 

Momentum

Polarisation

Momentum
Polarisation

Momentum

Polarisation
52



Measuring polarisation

53

411 15.1 Properties of the W bosons
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!Fig. 15.3 The angular distributions of the electron and electron antineutrino in the decay W− → e−νe for the three
possible W-boson polarisation states.

distributions then follow from the quantum mechanical properties of spin-1, as dis-
cussed in Section 6.3.

The total decay rate is determined by the spin-averaged matrix element squared,
which (for unpolarised W decays) is given by

〈
|M f i|2

⎧
= 1

3

⎪
|M−|2 + |ML|2 + |M+|2

⎨

= 1
3g

2
Wm2

W

⎩
1
4 (1 + cos θ)2 + 1

2 sin2 θ + 1
4 (1 − cos θ)2

⎫

= 1
3g

2
Wm2

W. (15.6)

Hence, after averaging over the three polarisation states of the W boson, there is
no preferred direction for the final-state particles that are, as expected, produced
isotropically in the W-boson rest frame. The W− → e−νe decay rate is obtained by
substituting the expression for the spin-averaged matrix element of (15.6) into the
decay rate formula of (3.49),

Γ =
p∗

32π2m2
W

⎬ 〈
|M f i|2

⎧
dΩ∗ =

p∗

8πm2
W

〈
|M f i|2

⎧
,

where p∗ is the momentum of the electron (or antineutrino) in the centre-of-mass
frame. If the masses of the final-state particles are neglected, p∗ = mW/2, and
therefore the W− → e−νe decay rate is given by

Γ(W− → e−νe) =
g2

WmW

48π
. (15.7)



A brief aside… Counting degrees of freedom

Before EW symmetry breaking

Gauge sector: 4 massless boson x 2 Helicity states = 8 d.o.f.

Higgs sector: 4 real scalars = 4 d.o.f

After EW symmetry breaking

Gauge sector: 3 massive bosons x 3 polarisations +  
1 massless boson x 2 polarisations = 11 d.o.f.

Higgs sector: 1 real scalars: 1 d.o.f
54
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3.4. THE V V INTERACTION AND WHY IT IS STILL INTERESTING 37

and ZZ 3 pairs.

Figure 3.7: The total W+
L W+

L scattering cross sections as a function of the center of mass
energy for different values of the HWW coupling, gHWW , Assumed here are two colliding
on-shell, unpolarized W+ beams and a 120 GeV Higgs boson. Coupling gHWW=1 (lower
black curve) corresponds to the Standard Model. Blue curves represent gHWW < 1, the
curve for gHWW=0 is equivalent to the Higgsless case. Green curves represent gHWW > 1.
Also shown is the total cross section for W+

T W+
X scattering (upper black curve, subscript

X denotes any polarization, T or L), its variations with the HWW coupling are contained
within the line width. A cut on the scattering angle that corresponds to pseudorapidity
of ±1.5 with respect to the incoming W direction was applied. Results of MadGraph
calculations.

3.4.2 Gauge boson couplings in V V scattering

As mentioned in the previous chapter, the high energy behavior of vector boson scattering
amplitudes is sensitive not only to the Higgs couplings to vector bosons (and Higgs mass),
but also to the triple and quartic vector boson couplings. As much as the former are

3ZZ should be always understood as a sum of the amplitudes for the W+W− → ZZ and ZZ → ZZ
scattering processes.

arXiv: 1412.8367 

The longitudinal polarisation 
carries all the sensitivity

55
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Let’s measure it! 


Theory’s view of the SM



= jets

b-quarks
ν 

IndirectlyDirectly
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Detector’s view of the SM



= jets

b-quarks 58

Detector’s view of the SM



Z Beam Line

Point
Collision
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Pseudo rapidity

E, P in transverse plane

pT = P sin ✓

ET = E sin ✓
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So… Experimentally not all particles are equal

• Muons, electrons, photons are most precise, hadrons less so 

• Comes down to how particles lose energy in material

EM shower - many interactions, 
fluctuations are small (i.e. EM 

showers look similar)

Hadronic shower - energy loss via strong 
interaction and ionisation. Final state varies, 

large shower-to-shower variations

N

60



What that means in my detector

61

• Electron lose energy quickly, showers are short and 
compact 

• Hadrons penetrate material deeper … “the foil is 
essentially empty” 
→ HCAL bigger than ECAL 

• Depth segmentation helps to distinguish electrons 
versus jets



Some examples

N

EM shower in a sampling 
calorimeter

Air shower simulation
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The detector also gets in the way of itself

• Must account and correct for many effects - like pile-up, different detector 
technologies, material budget

63



The detector also gets in the way of itself

• Often have strong η dependence, some corrections can be large

64



So… Theoretically not all particles are equal

• QCD dominates (i.e. we 
produce a lot of jets) 

• For the W/Z decays to hadrons 
dominate 

• For Higgs, decays to b-quarks 
and taus dominate

65



So… Protons are great, but also a mess

66



To make calculations tractable, we break this up

67

proton

quarks, 
gluons

mesons,  
baryons

hard interaction
fragmentation

hadronisation interaction  
with detector

10-18m
parton level

10-15m 101m
particle level detector level

tracks, 
energy depositions  
(electromagnetic and hadronic)

jet

Jet reconstruction is ambiguous 
In the end a ‘jet’ is what you define it to be



ATLAS and CMS jet results can not be compared directly
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Fig. 46 Summary of the W+jets (left) and Z+jets (right) cross-sections as a function of the number of jets. Both the ATLAS [166, 170] and
CMS [169] results have been corrected to a common phase space as described in the text. The cross-sections for each jet multiplicity have been
normalised by the inclusive W or Z cross-section. The CMS results shown here use an integrated luminosity of

R
L dt ⇡ 35pb�1, as the most recent

CMS results are not yet published. The ratio between the ATLAS and combined CMS results are shown below. Predictions from SHERPA are also
shown.
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Fig. 45 CMS [171]: Measured cross-section for W+jets as a function
of the number of jets. The data are compared to BLACKHAT-SHERPA,
SHERPA and MADGRAPH.

7.2 Differential W+jets and Z+jets measurements

Differential measurements of the properties of the jets in
W+jets and Z+jets events probe not only perturbative QCD
theory, but are also sensitive to renormalisation scales, PDFs
and hard parton radiation at large angles. For these mea-
surements, ATLAS and CMS have two major advantages.
First, with large data samples very high jet pT and scalar
sum scales can be probed. Second, the detectors can mea-
sure jets at large rapidities. Both the high pT and large ra-
pidity jet phase spaces have not been extensively measured
in the past.

The differential cross-section of both W or Z events as
a function of HT is of particular interest. In the CMS mea-
surements HT is defined as the scale sum of all jets passing
the selection criteria. In many fixed-order calculations, HT
is often used as the value of the renormalisation and factori-
sation scales. It is also an observable that is very sensitive to
missing higher-order terms in theoretical predictions as well
as an observable which is often used in searches for new
physics. The effect of missing higher-order terms in the pre-
dictions can readily be seen in Figure 47, which shows the
differential cross-section as a function of HT for W+ � 1-
jet events. At large values of HT , the NLO BLACKHAT-
SHERPA predictions underestimate the data. This is because
of the limited order of the BLACKHAT-SHERPA calculations
which do not include matrix-element calculations of three
or more real emissions. Modifying BLACKHAT-SHERPA to
include higher-order NLO terms to the Njet � 1 predictions
yields good agreement to the data [170]. The SHERPA pre-
dictions shows better agreement to the data, compared to
MADGRAPH.

44

JetsInclusive N
1 2 3 4

R
at

io
   

0.5
1

1.5

JetsInclusive N
0.5 1 1.5 2 2.5 3 3.5 4 4.5

)
je

ts
 N≥(

σ 
× 

fid
σ

1/

-310

-210

-110

=7 TeVsComparison of ATLAS and CMS Results at 
ATLAS Results 

 Resultsν e→CMS W
 Resultsνµ →CMS W

SHERPA MC

JetsInclusive N
1 2 3 4

R
at

io
   

0.5
1

1.5

JetsInclusive N
0.5 1 1.5 2 2.5 3 3.5 4 4.5

)
je

ts
 N≥(

σ 
× 

fid
σ

1/

-310

-210

-110

=7 TeVsComparison of ATLAS and CMS Results at 
ATLAS Results 

 ee Results→CMS Z
 Resultsµµ →CMS Z

SHERPA MC
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CMS results are not yet published. The ratio between the ATLAS and combined CMS results are shown below. Predictions from SHERPA are also
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Fig. 45 CMS [171]: Measured cross-section for W+jets as a function
of the number of jets. The data are compared to BLACKHAT-SHERPA,
SHERPA and MADGRAPH.

7.2 Differential W+jets and Z+jets measurements

Differential measurements of the properties of the jets in
W+jets and Z+jets events probe not only perturbative QCD
theory, but are also sensitive to renormalisation scales, PDFs
and hard parton radiation at large angles. For these mea-
surements, ATLAS and CMS have two major advantages.
First, with large data samples very high jet pT and scalar
sum scales can be probed. Second, the detectors can mea-
sure jets at large rapidities. Both the high pT and large ra-
pidity jet phase spaces have not been extensively measured
in the past.

The differential cross-section of both W or Z events as
a function of HT is of particular interest. In the CMS mea-
surements HT is defined as the scale sum of all jets passing
the selection criteria. In many fixed-order calculations, HT
is often used as the value of the renormalisation and factori-
sation scales. It is also an observable that is very sensitive to
missing higher-order terms in theoretical predictions as well
as an observable which is often used in searches for new
physics. The effect of missing higher-order terms in the pre-
dictions can readily be seen in Figure 47, which shows the
differential cross-section as a function of HT for W+ � 1-
jet events. At large values of HT , the NLO BLACKHAT-
SHERPA predictions underestimate the data. This is because
of the limited order of the BLACKHAT-SHERPA calculations
which do not include matrix-element calculations of three
or more real emissions. Modifying BLACKHAT-SHERPA to
include higher-order NLO terms to the Njet � 1 predictions
yields good agreement to the data [170]. The SHERPA pre-
dictions shows better agreement to the data, compared to
MADGRAPH.

Putting ATLAS and 
CMS jet results on 
the same plot  

requires corrections 
up to 25%

https://arxiv.org/pdf/1405.1160
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Every jet looks different - but are there general properties?

High multiplicities Neutrinos Displaced vertices All or none

Diagram
s from

 Bing Liu
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Two examples: b-quarks

The lifetime of the b-quark is 
long enough that it’s decay 
vertex is displaced from the 
interaction vertex

70



Two examples: b-quarks

Exploit this to distinguish b- 
and c-quarks

71

b-tagging algorithms and performance in ATLAS
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Figure 1: Distribution of d0/σd0 for b-tagging qual-
ity tracks in b-jets, c-jets and light jets.
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Figure 2: Rejection of light jets versus b-jet effi-
ciency in tt̄ events with several algorithms.

3. Secondary vertex-based algorithms

To further increase the discrimination between b-jets and light jets, the inclusive vertex formed
by the decay products of the bottom hadron, including the products of the eventual subsequent
charm hadron decay, can be sought. Tracks leading to two-track vertices compatible with a K 0s ,
Λ, photon conversion or material interaction are rejected. A simple cut on the distance between
the primary vertex and the secondary inclusive vertex can be used as a discriminant. Otherwise,
three of the vertex properties are exploited using the likelihood approach described above: the
invariant mass of all tracks associated to the vertex, the ratio of the sum of the energies of the
tracks participating to the vertex to the sum of the energies of all tracks in the jet and the number
of two-track vertices. The resulting weight, SV1, is combined with the IP3D one.

A new algorithm, JetFitter, is also available, which exploits the topological structure of b- and
c-hadron decays inside the jet. A Kalman filter is used to find a common line on which the primary
vertex and the beauty and charm vertices lie, as well as their position on this line approximating the
b-hadron flight path. With this approach, the b- and c-hadron vertices are not merged, even when
only a single track is attached to each of them. The discrimination between b-, c- and light jets is
based on a likelihood using similar variables to the SV1 tagging algorithm above, and additional
variables such as the flight length significances of the vertices. The likelihood is split into different
categories according to the decay topology.

4. Summary of anticipated b-tagging performance

For performance studies, only jets fulfilling pT > 15 GeV/c and |η |< 2.5 are considered. The
expected b-tagging performance in t t̄ events is shown on Fig. 2 as the rejection power against light
jets (1/εlight ) versus the b-tagging efficiency εb. For top studies, εb = 50% is usually sufficient and
a rejection above 500 can be achieved with the most advanced algorithms, while simpler algorithms

3



Two examples: Quarks vs Gluons

Gluons radiate more often! 72



Two examples: Quarks vs Gluons

73

Gluons radiate more often! 

Leads to wider jets with 
more tracks or calorimeter 
deposits



New approaches in flavour tagging

74Image from Jackson Barr



A flavour tagging example
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A flavour tagging example

76



b-quarks 77

= jets



Jet ID for q/g is still work-in-process - what are my handles?

An example from WZ

Polarisation is frame dependent

78



Back to the polarisation

79
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Same-sign WW Polarisation

• 3.3 standard deviations significance of 
at least one longitudinally polarised W 
boson



Run 1
HL-LHC: 14 TeV 
6000 fb-1 (ATLAS+CMS) 81

Run 2

WZ Polarisation 
ssWW 

Polarisation 

Run 3:  
We are here

ZZ 
Polarisation 



arXiv:2407.10798 82

https://arxiv.org/abs/2407.10798


Symmetries 
• How symmetry predicts interactions 
• Physics example: same-sign WW scattering 
• Experimental theme: Jet identification

Scales 
• How physics changes with energy (temperature) 
• Physics examples: W mass + strong force coupling 
• Experimental theme: How to design a measurement

83



How does physics change with energy - Two paths
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Many of the universe most exciting things involve high energy/density/temperature 84



ATLAS SM Workshop — Prague — 11-14th Sept 2023Eram Rizvi 2

W/Z production measurements cover range of topics 

W / Z production = Drell-Yan lepton production               

l±

ν

W±

l−

l+

Z/ɣ*

Q (GeV)
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 = 13 TeVs Total NLO Cross Section
Z Contribution

 Contribution*
γ

 Interference (Modulus)*
γZ/
 NLO Cross Section+W
 NLO Cross Section-W

 Contributionγ*
Total NLO Cross section

Z Contribution

mll < mZ  
low x partons

mll = mZ  
ultra-high precision

mll > mZ  
new physics 

high x partons

invariant mass / GeV

W resonance

Z resonance

Precision Standard Model Measurements

neutral currentcharged current  

• Clean experimental signature = high precision 
• Low backgrounds  
• Large resonant cross section = large event samples 
• Large span in phase space (off-shell) 
• Well understood QCD & EW theory  
 → precise tests of Standard Model

From Eram Rizvi

The W and Z bosons:  
very similar and yet so different
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Before and after EW symmetry breaking

87

W+ Z γW-W1 W2 W3 B

The Z is a hybrid particle of the neutral weak 
boson W3, (left-handed only couplings) and 
the hypercharge boson B (both)  
For the photon, the W3 and B components 
combine to produce a purely EM coupling



The masses of the W and Z

88

W+ Z γW-

The weak mixing angle describes how the EW gauge fields mix to form the 
physical Z boson and photon and relates the W, Z boson masses to each other



Custodial symmetry

ρ is not equal to one when something 
distinguishes the W from the Z.  

i.e Every correction to ρ must come from a 
source that breaks custodial symmetry

The W boson mass tests the symmetry that 
protects the structure of the EW theory 

TopB
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A very interconnected model

L. Aperio Bella   26

The EW sector: mt mw and mH

Stefano Camarda 9

Electroweak sector

The electroweak gauge sector of the 
Standard Model is constrained by three 
precisely measured parameters

At tree level, other EW 
parameters can be 

expressed as

Higher order corrections modify these 
relations, and determine sensitivity to 
other particle masses and couplings

ℒr − X

ℒr − m2
top

ℒr − ln(m2
H)

 Electroweak radiative corrections  tightly connect mW mt mH ℒr

From Ludovica Aperio Bella

The W mass was historically used 
to predict the top-quark mass 
before it was discovered. 90



Testing how the mixing ‘runs’ with energy 

L. Aperio Bella   63

https://arxiv.org/pdf/2302.10782 

BSM

The EW mixing angle value is expected to 
show an energy dependence which can be 
predicted(*) 

This scale dependence arises from 
quantum corrections that modify the 
coupling
Precise measurements of this running 
can reveal deviations from the 
Standard Model.

(*)The electroweak mixing angle is expected to depend on the energy scale.
This “running” can be predicted using renormalization group equations in the  ( Modified Minimal Subtraction) scheme.MS

The “running” of the weak mixing angle 
could be tested at (HL-)LHC 

91From Ludovica Aperio Bella
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Let’s measure it!
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The Z mass - Life is good

94



Compare to the W distribution 
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Jet Jet

Jet

MET

Energyxy beforeEnergyxy Missing = - Energyxy measured

Neutrino are not detected 

See only its ‘shadow’ in the 
transverse plane, via missing 
transverse energy 

Since it relies on everything 
else being well measured, it 
is the weakest link

96



What I detect What I want to measure

W

Defining a measurement

Towards Run 3

11

● Currently the trigger electronics is 
being upgraded to provide
○ Higher granularity and 

resolution 
○ Reduce dominant QCD jet 

background.
○ Keep the trigger rates low 

without increasing the pT 
thresholds.

● Since 2015 a demonstrator of this 
new systems runs parasitically in the 
barrel part of the detector.
○ Validate design
○ Demonstrate feasibility

July 12, 2019    Adriana Milic
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We need the likelihood—bad news
• We need  — how does it look like?p(x ∣ θ )

8Alexander Held

parton shower zSparton level zP detector interaction zD

2. The Standard Model

g

g

H

q

q

q

H

q

q

q̄

W /Z

H

g

g

t̄

H

t

W /Z

Figure 2.9: Exemplary Feynman diagrams for the gluon–gluon fusion (top left), vector boson fusion
(top right), V H (bottom left), and t t̄ H (bottom right) processes
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Figure 2.10: Dominant processes for Higgs boson production with associated cross-sections in proton–
proton collisions, shown as a function of COM energy. Bands indicate theoretical uncertainties in the
cross-section calculation [34].

Higgs boson production

There are four major Higgs boson production modes accessible in proton–proton collisions at the LHC

[34]. Figure 2.9 shows exemplary LO Feynman diagrams for these four modes, while the respective

cross-section as a function of the center-of-mass (COM) energy are presented in figure 2.10 for a Higgs

boson mass of 125 GeV.

The loop-induced gluon–gluon fusion is the dominant production mode. Due to its large Yukawa

18

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.

3

JHEP 0902 (2009) 007

The dependence on 
parameters  is here.θ

dzPdzD p (zD ∣ zS)p (zS ∣ zP) p (zP ∣ θ)p (x ∣ zD)p (x ∣ θ)= ∫ dzS

Ph
ys

. L
et

t. 
B 

78
4 

(2
01

8)
 1

73

observables x

Expressing this mathematically

From Alex Held

Simulation-based / likelihood-free inference
• The likelihood function is intractable: we cannot evaluate this very high-dimensional integral 

• … so what now? 

• There is one thing we can do: simulate samples  
‣ another way to say this: generate MC samples for a given setting of parameters  

‣ This setting is called simulation-based inference (SBI) or likelihood-free inference (LFI) 

‣ will still construct a likelihood for inference, so “likelihood-free” can be misleading 

‣ we do this all the time in practice—however, a lot of methodological progress warrants a closer look*

xi ∣ p(x − θ )
θ

9Alexander Held

dzPdzD p (zD − zS)p (zS − zP) p (zP − θ)p (x − zD)p (x − θ)= ∫ dzS

* see slide 24
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W

Towards Run 3

11

● Currently the trigger electronics is 
being upgraded to provide
○ Higher granularity and 

resolution 
○ Reduce dominant QCD jet 

background.
○ Keep the trigger rates low 

without increasing the pT 
thresholds.

● Since 2015 a demonstrator of this 
new systems runs parasitically in the 
barrel part of the detector.
○ Validate design
○ Demonstrate feasibility

July 12, 2019    Adriana Milic



My ingredients to determining W mass

1. Need an detector observable that is sensitive the value of the mass? 

2. Need a theoretical prediction of that observable and its mass dependence 

3. Need verify that my detector itself doesn’t mimic that signature
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The imprint of the W mass

100

Measurement goal is 
a precision of 10 MeV



Theory modeling 

101

Need to utilize the 
differences in the shape to 
constrain the uncertainties



The proton is complicated… 

102

Allowing PDFs to be 
constrained in a fit is 
controversial.  

The PDF is already 
obtained via a fit to 
various (including LHC) 
data



Can my detector mimic the signal? 

L. Aperio Bella   43

Perfect knowledge of our detectors ?

While the true W/Z transverse momentum is uniform in φ, beam offsets, crossing angles, and detector response induce 
anisotropies in the reconstructed recoil.

L. Aperio Bella   43

Perfect knowledge of our detectors ?

While the true W/Z transverse momentum is uniform in φ, beam offsets, crossing angles, and detector response induce 
anisotropies in the reconstructed recoil.

L. Aperio Bella   43

Perfect knowledge of our detectors ?

While the true W/Z transverse momentum is uniform in φ, beam offsets, crossing angles, and detector response induce 
anisotropies in the reconstructed recoil.
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Throw it all into one 
massive fit and to get 
back one number

104



The W mass at a future collider

105

Constrained Reconstruction of mW in WW events

Main LEP2 results were
based on applying
kinematic constraints to
qq̄`⌫` and qq̄qq̄ events.

Here 5C fit.
(E, ~p) = (

p
s, ~0) and

mW+ = mW�

OPAL uses a convolution fit
(CV), a reweighting MC
template technique (RW)
and a Breit-Wigner fit (BW).

All 3 applied separately to
qq̄`⌫` and qq̄qq̄.

CV fit is most powerful -
uses per event resolution
function.

hep-ex/0508060

Graham W. Wilson (University of Kansas) ILC Physics Meeting May 11, 2022 10 / 41

LEP results mainly based 
on kinematic constraints

2 Paolo Azzurri: The W mass and width measurement challenge at FCC-ee
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Fig. 1. (left) Measurements of the W-boson mass by the LEP, Tevatron and LHC experiments[1]. (right) W-pair production
cross section as a function of the e+e� collision energy ECM as evaluated with YFSWW3 1.18 [12]. The central curve corresponds
to the predictions obtained with mW = 80.385 GeV and �W = 2.085 GeV. Purple and green bands show the cross section curves
obtained varying the W mass and width by ±1 GeV.

Performing a W-pair cross section measurement at a single energy point the statistical sensitivity to the W mass
is given by

�mW(stat) =

✓
d�WW

dmW

◆�1 p
�WWp
L

1
p
✏p

=

✓
d�WW

dmW

◆�1 p
�WWp
✏L

r
1 +

�B

✏�WW
(1)

where L is the data integrated luminosity, ✏ the signal event selection e�ciency and p the selection purity, alter-
natively expressed in terms of �B , the total selected background cross section.

A systematic uncertainty on the background cross section will propagate to the W mass uncertainty as

�mW(B) =

✓
d�WW

dmW

◆�1 ��B

✏
. (2)

Other systematic uncertainties as on the acceptance (�✏) and luminosity (�L) will propagate as

�mW(A) = �WW

✓
d�WW

dmW

◆�1 ✓�✏

✏
� �L

L

◆
, (3)

while theoretical uncertainties on the cross section (�d�WW) propagate directly as

�mW(T) =

✓
d�WW

dmW

◆�1

��WW(T). (4)

Finally the uncertainty on the center of mass energy ECM will propagate to the W mass uncertainty as

�mW(E) =

✓
d�WW

dmW

◆�1 ✓d�WW

dECM

◆
�ECM, (5)

FCCee projects ~0.5 MeV 
precision via a cross section scan
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How physics changes with energy
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A blast from the past• Consequences

– additional charged and neutral
Higgs particles

– M2
H0 < cos2 2�M2

Z+ H.O.T.
(O(m4

t)) < (135 GeV)2,
consistent with LEP (standard

model: MH0 < 1000 GeV)

– CDF/D0 searches for heavier
states

• Simplest version: supersymmetric
contribution to Higgs mass must
be of O(100) GeV (not 1019)
(µ problem)

Penn State, November 2007 Paul Langacker (IAS)

Grand Unification

• Unify strong SU(3) and
electroweak SU(2)�U(1)
in simple group, broken at
⇥ 1016 GeV

• Gauge unification (only in
supersymmetric version)

NYS APS (October 15, 2004) Paul Langacker (Penn)
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One parameter controls this scaling in QCD

Nuclear size GeV Electroweak scale TeV+



Confinement

Hadron Jet
110

Strong force increases with increasing quark separation



In QCD a color charge is preferably 
surrounded by the same color. 

111



Evidence of the gluon self-coupling

Evidence for Gluon Self-Interactions
Direct evidence for the existence of the gluon self-interactions comes from 4-jet
events:

�

e�
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q̄

g
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q
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q
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e+

q̄

g

g

q
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e+

q̄

q

q̄

q

The angular distribution of jets is sensitive to existence of triple gluon vertex
(lower left diagram)

qqg vertex consists of two spin 1/2 quarks and one spin 1 gluon
ggg vertex consists of three spin-1 gluons
→ Di!erent angular distribution.

Prof. Tina Potter 7. QCD 26

• A qqg vertex has two spin 1/2 quarks 
and one spin 1 gluon 

• A three gluon vertex has three spin 1 
gluons 

• Leads to different angular distributions

112



Evidence of the gluon self-coupling

Evidence for Gluon Self-Interactions
ALEPH 4-jet event Experimental method:

Define the two lowest energy jets as the gluons. (Gluon

jets are more likely to be lower energy than quark jets).
Measure angle ω between the plane containing the

“quark” jets and the plane containing the “gluon” jets.

Gluon
self-interactions are
required to describe
the experimental
data.

Prof. Tina Potter 7. QCD 27

Evidence for Gluon Self-Interactions
ALEPH 4-jet event Experimental method:

Define the two lowest energy jets as the gluons. (Gluon

jets are more likely to be lower energy than quark jets).
Measure angle ω between the plane containing the

“quark” jets and the plane containing the “gluon” jets.

Gluon
self-interactions are
required to describe
the experimental
data.

Prof. Tina Potter 7. QCD 27

Measure angle between the plane containing the 
“quark” jets and the plane containing the “gluon” jets
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The limitation to the strong coupling

Least precisely known and… leads to uncertainties everywhere
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained

18

arXiv:1802.00827

Higgs relative uncertainties
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The prediction

115

This is 5 orders of magnitude - 
will need a range of 
experiments



Indeed! There are many ways to measure thisManyyyy ways to extract…

(PDG world average)

Lattice QCD prediction

● Tau hadronic decays, 
spectral functions

● precise at M~ tau mass
● N3LO predictions

● Heavy quarkonia decay 
predictions

● NNLO

● Analyzing structure 
functions at NNLO

● Combined with hadron 
collider data

Electron-positron annihilation 
measured around MZ peak

Re-analyzed LEP2 with NNLO

Jet observable and tt-bar production
Hadron colliders, precise at 

mid-to-high energy scales 

LHC top quark and W mass 
measurements 

From Kyle Devereaux 116



The comparison to data

K. Rabbertz Aussois, France, 16.12.2025 Alpha-s 2025 Workshop 28

PDG 2025 αs running

αs(mZ
2) = 0.1180 ± 0.0009

August 2025

τ decay (N3LO)
low Q2 cont. (N3LO)

Heavy Quarkonia (NNLO)
HERA jets (NNLO)

e+e- jets/shapes (NNLO+NLLA)
e+e- Z0 pole fit (N3LO)

LHC dijets (NNLO)
pp top (NNLO)

pp TEEC (NNLO)
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Two examples: The textbook method - jet rates

118

1-jet cross section (CMS)

Extraction using inclusive single jet cs (CMS 2015, 2016)

Two ingredients

Experimental cross section Theoretical cross section

➤ Double-differential measurement
➤ Corrected for detector effects (unfolded 

at this step)
➤ Uncertainties

■ Jet energy scale
■ Luminosity
■ Unfolding
■ other uncorrelated effects



Two examples: Using the precision of the Z

ATLAS DRAFT

q

q̄

e−, µ−

e+, µ+

Z/γ∗

g

. . .

. . .

Figure 1: Leading-order Feynman diagram for the production of a massive electron or muon pair through the Drell-Yan
process, including soft gluon radiation from the initial-state quarks.

the transverse-momentum distribution of / bosons produced via the Drell-Yan process [29], which denotes60

the production of a massive lepton-pair in hadron-hadron collisions at high energies. The strong force is61

responsible for the radiation from the initial-state partons, and for the subsequent recoil of the / bosons62

which acquire non-zero transverse momentum. The hardness of the transverse-momentum distribution is a63

measure of the strength of the recoil of the / bosons, which in turn is proportional to the strong coupling.64

In this analysis, the QCD initial state radiative processes are used to determine the strong coupling, in65

contrast to most other determinations of Us(</ ) at hadron colliders which analyse observables using final66

state objects, and the energy scale at which the strong coupling is probed is unambigously fixed by the67

/-boson mass. This methodology was tested in Ref. [30] using proton-antiproton collisions data at the68

Tevatron, and is here applied for the first time at the LHC.69

Figure 1 depicts the leading-order Feynman diagram of the Drell-Yan process, with a schematic representation70

of soft gluon radiation from the initial-state quarks. Figure 2 shows the /-boson transverse-momentum71

distribution for three different values of Us(</ ).72

Compared to other determinations of Us(</ ) at hadron colliders based on either exclusive or inclusive73

observables, this determination gathers all desirable features for high precision: large observable sensitivity74

to Us(</ ) compared to the experimental precision, and high perturbative accuracy of the theoretical75

predictions [33–37], enabled by the computation of some perturbative corrections in QCD at four and five76

loops [38–42].77

2 ATLAS detector78

The ATLAS experiment [43] at the LHC is a multipurpose particle detector with a forward–backward79

symmetric cylindrical geometry and a near 4c coverage in solid angle.2 It consists of an inner tracking80

detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic81

and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity82

emissions with vanishing small momenta. Rather than calculate each of these, it is theoretically simpler to model them as a
single factor quantifying the probability of no emission, known as the Sudakov form factor [28].

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.

20th March 2023 – 00:26 3

ATLAS DRAFT
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Figure 2: Transverse-momentum distribution of / bosons predicted with DYTurbo [31] at different values of Us (</ ),
using the MSHT20 PDF set [32].

range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.83

Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements84

with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range85

(|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and86

hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds the calorimeters and is87

based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of88

the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a89

system of precision tracking chambers and fast detectors for triggering. A three-level trigger system is90

used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector91

information to accept events at a rate of at most 75 kHz. This is followed by two software-based trigger92

levels that together reduce the accepted event rate to 400 Hz on average depending on the data-taking93

conditions during 2012. An extensive software suite [44] is used in data simulation, in the reconstruction94

and analysis of real and simulated data, in detector operations, and in the trigger and data acquisition95

systems of the experiment. The data were collected by the ATLAS detector in 2012 at a centre-of-mass96

energy of
p
B = 8 TeV, and correspond to an integrated luminosity of 20.2 fb�1. The mean number of97

additional ?? interactions per bunch crossing (pile-up events) in the data set is approximately 20.98

3 Cross-section measurement99

The /-boson transverse-momentum distribution is measured in the electron and muon decay channels,100

which provide a clear signature with low background rates and a high precision measurement of the101

momentum, as presented in Ref. [45]. The double-differential cross sections as functions of transverse102

momentum and rapidity of the / boson are measured in the pole region, defined as 80 < <✓✓ < 100 GeV,103

where <✓✓ is the invariant mass of the dilepton system. The combination of 6.2 million electron and104
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In precision: many measurements 
make the difference
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Figure 5: Comparison of the determination of Us (</ ) from the /-boson transverse-momentum distribution with
other determinations at hadron colliders [17, 18, 20, 21], with the PDG category averages [3], with the lattice QCD
determination [10], and with the PDG world average.

determination with simultaneous determination of PDFs and strong-coupling constant. The measured276

value of Us(</ ) = 0.11828+0.00084
�0.00088 is compatible with other determinations and with the world-average277

value, as illustrated in Fig. 5.278

Among experimental determinations, this is the most precise to date and the first based on N4LLa+N3LO279

predictions in perturbative QCD. This result marks the start of a new era in precision studies of QCD with280

the Drell-Yan process. The strong-coupling constant can be investigated with higher precision and in higher281

energy regimes with future larger datasets.282
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Come on! Isn’t the SM just one big fit anyway?
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A Standard Model is never in isolation



HW Z

g

γ
The SM is over constrained 
-  use that power



I can make a long list of things 
that more senior people told me 
were not possible… 

Sometimes it is beneficial to not 
be good listener 

If you think you can do it, go for it 



Back-up
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