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what is phenomenology?

not the same as theory nor the same as experiment :: in between?
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what is phenomenology?
• application of theoretical physics to experimental data by 

making quantitative predictions based upon known 
theories 

• bridge between mathematical models and physical reality 

• essential go-between to validate known physical theories, 
to understand new phenomena through novel physical 
theories 



how to find something?

the Higgs boson was discovered as a tiny excess above a known ‘background’ (all the known Physics producing a similar outcome)  
:: precision in both theory and experiment is crucial to make a discovery



precision
LHC has taught us that new physics will be manifest as very small effects

LHC measurements have [or will have soon] uncertainties ~1%

Other experiments?

One of the most precise results are 
perhaps for the Z transverse 
momentum (ATLAS) 

➤ normalised to Z fiducal σ 

➤ achieves <1%, from  
pT = 1 to 200 GeV,  
and <0.5% in some regions 

 

Ratio to total cross section cancels 
lumi & some lepton-efficiency 
systematics.
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Figure 6: The Born-level distributions of (1/�) d�/dp``T for the combination of the electron-pair and muon-pair
channels, shown in six m`` regions for |y`` | < 2.4. The central panel of each plot shows the ratios of the values from
the individual channels to the combined values, where the error bars on the individual-channel measurements rep-
resent the total uncertainty uncorrelated between bins. The light-blue band represents the data statistical uncertainty
on the combined value and the dark-blue band represents the total uncertainty (statistical and systematic). The �2

per degree of freedom is given. The lower panel of each plot shows the pull, defined as the di↵erence between the
electron-pair and muon-pair values divided by the uncertainty on that di↵erence.
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precision
LHC has taught us that new physics will be manifest as very small effects

LHC measurements have [or will have soon] uncertainties ~1%

Other experiments?

One of the most precise results are 
perhaps for the Z transverse 
momentum (ATLAS) 

➤ normalised to Z fiducal σ 
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Ratio to total cross section cancels 
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systematics.

 [GeV]ll
T

p

100

]
σ

Pu
ll 

[

2−
0
2

50 500

210

C
om

bi
ne

d
C

ha
nn

el

0.8
0.9

1
1.1
1.2

/NDF= 8/82χ

210

]-1
  [

G
eV

ll T
/d

p
σ

 d
σ

1/

5−10

4−10

3−10

2−10

1−10

ee-channel
-channelµµ

Combined
Statistical uncertainty
Total uncertainty

ATLAS
| < 2.4

ll
 < 20 GeV, |yll m≤12 GeV 

-1=8 TeV, 20.3 fbs

 [GeV]ll
T

p

100

]
σ

Pu
ll 

[

2−
0
2

50 500

210

C
om

bi
ne

d
C

ha
nn

el

0.9

1

1.1

/NDF= 6/82χ

210

]-1
  [

G
eV

ll T
/d

p
σ

 d
σ

1/

5−10

4−10

3−10

2−10

1−10

ee-channel
-channelµµ

Combined
Statistical uncertainty
Total uncertainty

ATLAS
| < 2.4

ll
 < 30 GeV, |yll m≤20 GeV 

-1=8 TeV, 20.3 fbs

 [GeV]ll
T

p

100

]
σ

Pu
ll 

[

2−
0
2

50 500

210

C
om

bi
ne

d
C

ha
nn

el

0.9

1

1.1

/NDF= 7/82χ

210

]-1
  [

G
eV

ll T
/d

p
σ

 d
σ

1/
5−10

4−10

3−10

2−10

1−10

ee-channel
-channelµµ

Combined
Statistical uncertainty
Total uncertainty

ATLAS
| < 2.4

ll
 < 46 GeV, |yll m≤30 GeV 

-1=8 TeV, 20.3 fbs

 [GeV]ll
T

p
1 10 210

]
σ

Pu
ll 

[

2−
0
2 1 10 210

C
om

bi
ne

d
C

ha
nn

el

0.95

1

1.05

/NDF=13/202χ

1 10 210

]-1
  [

G
eV

ll T
/d

p
σ

 d
σ

1/

6−10

5−10

4−10

3−10

2−10

1−10

1

ee-channel
-channelµµ

Combined
Statistical uncertainty
Total uncertainty

ATLAS -1=8 TeV, 20.3 fbs
| < 2.4

ll
 < 66 GeV, |yll m≤46 GeV 

 [GeV]ll
T

p
1 10 210

]
σ

Pu
ll 

[

2−
0
2 1 10 210

C
om

bi
ne

d
C

ha
nn

el

0.99

1

1.01

/NDF=43/432χ

1 10 210

]-1
  [

G
eV

ll T
/d

p
σ

 d
σ

1/

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10
1

ee-channel
-channelµµ

Combined
Statistical uncertainty
Total uncertainty

ATLAS -1=8 TeV, 20.3 fbs
| < 2.4

ll
 < 116 GeV, |yll m≤66 GeV 

 [GeV]ll
T

p
1 10 210

]
σ

Pu
ll 

[

2−
0
2 1 10 210

C
om

bi
ne

d
C

ha
nn

el

0.95

1

1.05

/NDF=27/202χ

1 10 210
]-1

  [
G

eV
ll T

/d
p

σ
 d

σ
1/

5−10

4−10

3−10

2−10

1−10

1

ee-channel
-channelµµ

Combined
Statistical uncertainty
Total uncertainty

ATLAS -1=8 TeV, 20.3 fbs
| < 2.4

ll
 < 150 GeV, |yll m≤116 GeV 

Figure 6: The Born-level distributions of (1/�) d�/dp``T for the combination of the electron-pair and muon-pair
channels, shown in six m`` regions for |y`` | < 2.4. The central panel of each plot shows the ratios of the values from
the individual channels to the combined values, where the error bars on the individual-channel measurements rep-
resent the total uncertainty uncorrelated between bins. The light-blue band represents the data statistical uncertainty
on the combined value and the dark-blue band represents the total uncertainty (statistical and systematic). The �2

per degree of freedom is given. The lower panel of each plot shows the pull, defined as the di↵erence between the
electron-pair and muon-pair values divided by the uncertainty on that di↵erence.

18

±1%

�5

these measurement are only physically useful if theoretical 
predictions have compatible uncertainties

Hard processes: to 3rd order (NNLO) in perturbation theory strong coupling constant (αs)
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3rd order (NNLO) in perturbation theory



novel theory and modelling

oftentimes, phenomena description beyond scope of first principle 
theory thus requiring modelling [including event simulation]

confrontation of model predictions with experimental reality constrains 
model assumptions 

oftentimes, theory consistency leads to theory developments 

confrontation of theory predictions with experimental reality constrains 
[by excluding many] possible theory extensions 
:: this is the case with all theories beyond the SM (BSM)



novel theory and modelling
jet development while traversing and interacting with quark gluon plasma created in heavy ion collisions

model as blend of known jet development in vacuum with jet-QGP interaction as propagation of particles in 5d AdS 
space with BH in 5th dimension [this all somehow makes sense but IS NOT first principles theory]

it is not simple

Gauge Theory

DGLAP

Horizon

Falling
String

Induced
Vertex

Figure 1. Sketch of the interaction of high energy jets with the strongly coupled plasma. In the
gauge theory, an energetic virtual parton propagates through the medium loosing energy and splits
via (vacuum) DGLAP evolution. The soft interactions are represented in the dual theory as a string
lagging behind the parton, transporting energy from the quark to the horizon. The splitting of the
dual parton induces a vertex, not describable in the gravity theory, that leads to the appearance
of two new strings, lagging behind each corresponding end points. The dashed line represents the
(hypothetical) location of the string merging curve.

with the factor of two chosen such that in the soft limit it coincides with the standard
formation time expression. We will also assume that the strong virtuality order in the QCD
shower translates into time ordering, with the hardest splittings occurring first. This implies
that the later stages of the evolution, for which the virtuality is close to the hadronization
scale, occurs also at later times.

In between any of the virtuality relaxing splittings, the partons in the jet propagate in
plasma. The momenta exchanged between these patrons and the medium is of order the
medium temperature, and therefore, for plasma temperatures not far from the deconfining
transition, the relevant coupling is not small. It is at this stage when strong coupling
dynamics play a role. From the point of view of the jet shower, the medium takes energy
away from the propagating patrons reducing the overall energy of the jet. In a perturbative
picture, this energy is taken away by additional medium-induced splittings which propagate
out and re-interact, potentially departing from the jet area. While it is conceivable that
multiple soft exchanges may lead to additional in-medium radiation even if the plasma is
strongly coupled, we will not consider here this possibility and assume that there are no
hard processes in between the DGALP vertices and that the dynamics of these partons
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confront with data
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Figure 10: Ratio of the jet shape in PbPb collisions with
p
s = 2.76 ATeV with 0-10% centrality

(left) and 10-30% centrality (right) to the jet shape in proton-proton collisions. The two colored
bands show the results of our hybrid model calculation with no broadening, with both jets and
background hadronized, and with our background subtraction procedure for high-pT jets applied.
In the calculation shown as the red band we include the effects of backreaction, namely the particles
coming from a wake in the medium. We compare our calculation with and without backreaction to
data from CMS [51].

jet energies with a Gaussian whose width corresponds to the difference between the jet energy
resolution in the presence of our background and the jet energy resolution measured by CMS;
we describe the procedure in Appendix B. Last, we subtract background tracks in the jet cone
following a simple procedure from Ref. [51] in which we subtract the ⌘-reflection of each event
from that event. This procedure does not work for jets near ⌘ = 0; this is why |⌘| < 0.3 is excluded
from both our analysis and the measurement reported in [51].

To gauge the effects of adding our simplified background, performing the background sub-
traction procedure, and hadronization on one hand, and the effects due to the backreaction of the
medium, namely the particles coming from the wake in the plasma, on the other in both panels we
show the jet shape ratio computed at the hadronic level with and without backreaction. As we saw
in Section 4, energy loss serves to narrow the angular size of jets in a given window of energies in
heavy ion collisions relative to that of jets with the same energies in proton-proton collisions. As
a consequence, without backreaction the effect of energy loss is to increase the importance of nar-
row jets in the quenched jet sample, leading to a depletion of the jet shape at large angles r. Note
that the only differences between the simulations without backreaction in Fig. 10 and the K = 0

simulations displayed in Fig. 5 are: adding the simplified but fluctuating background that we are
employing, performing our background subtraction and jet reconstruction, and adding hadroniza-
tion. The partonic distributions whose ratio is plotted in Fig. 5 give rise to narrower distributions
that the hadronic ones that go into Fig. 10, a natural consequence of the non-trivial angular distribu-
tion of the Lund strings connecting the hard partons within the jet which means that hadronization
broadens the jet somewhat. (See for example Ref. [185].)

Despite the hadronic uncertainties, the jet shape ratio shows a clear increase at larger values
of the angular variable r when we include backreaction, confirming the expectation that some of
the particles from the wake in the plasma do end up reconstructed as part of the jet, and confirming
the expectation that they are less tightly focused in angle than the jet itself was. That said, it

– 32 –

improve !!!!!!



new observables
define measurable and calculable quantities that are sensitive to whatever properties you want to access 
:: to measure time evolution of properties of the QGP need objects that start interacting with it at different times  

process
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observable

PROBING TIME-DEPENDENCE OF QGP PROPERTIES
• lighter ions bring significant gains wrt to Pb at the LHC, however 

• mild gain from going lighter and lighter  

• inability to distinguish from full quenching dominated by 1% 
[syst]

Apolinário, Milhano, Salam, Salgado :: new result 
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how over-conservative are our assumptions?  

[lower syst in lower background? :: higher eloss in reference PbPb?] �9

feasibility



new techniques
Machine Learning techniques have proved very helpful for phenomenological studies

:: let the Machine learn from data [real or simulated] and then learn Physics from the Machine



pheno@LIP :: what we do
• SM/BSM :: observables for new Physics searches 

[Minho/Coimbra]  

• QCD precision and automation [Lisboa] 

• Quark Gluon Plasma [mostly its characterisation with 
jets] :: theory :: Monte Carlo simulation :: observables 

• in all the above Machine Learning techniques are 
increasingly being used  



pheno@LIP :: a few of us

Guilherme Milhano [LIP-Lisboa] 
Jet Physics, QGP

Liliana Apolinário [LIP-Lisboa] 
Jet Physics, QGP

João Pires [LIP-Lisboa] 
QCD precision

Grigorios Chachamis [LIP-Lisboa] 
QCD precision

Ricardo Gonçalo [LIP-Coimbra/Lisboa] 
SM/BSM [also ATLAS]

Nuno Castro [LIP-Minho] 
SM/BSM [also ATLAS]

Nuno Castro [LIP-Minho/Lisboa] 
Machine Learning, SM/BSM



pheno@LIP :: most important

Maria Ramos [LIP-Minho] 
PhD :: BSM/DM

Guilherme Guedes [LIP-Minho] 
PhD :: BSM/DM

João Silva [LIP-Lisboa] 
MSc :: Jets in HI // ML

2019 vintage

João Gonçalves [LIP-Lisboa] 
MSc :: Jets in HI // ML

Bruno Silva [LIP-Lisboa] 
MSc :: Jets in small nuclei Filipa Peres [LIP-Minho] 

MSc :: Jets in HI // ML


