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António Onofre, Guilherme Milhano, Juan Pedro Araque, Korinna 
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Gonçalo, Rúben Conceição, Pietro Faccioli 

students:  
André Reigoto, Artur Amorim, Duarte Azevedo, João Barata, João 
Gonçalves, Maria Ramos, Pedro Lagarelhos, Ricardo Faria, Rui 
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external [regular] collaborators:  
Carlos Lourenço, Carlos Salgado, Gavin Salam, Jorge Casalderrey-
Solana, Juan Antonio Aguilar-Saavedra, Krishna Rajagopal, Pedro 
Ferreira, Rui Santos, Urs Wiedemann …
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EFTfitter 
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Castro, Erdmann, Grunwald, Kröninger, Rosien  :: Eur.Phys.J. C76 (2016) 432  



The EFT approach



EFT in the top-quark sector

• Common effort ongoing at the LHCtopWG 
• (G. Durieux, J.A. Aguilar-Saavedra, C. Degrande, F. Maltoni, E. 

Vryonidou, C. Zhang) 
• Effective field theory contacts 

• Nuno Castro and Oliver Maria Kind (ATLAS), Nadjieh Jafari and Alexander Groshjean (CMS) 



EFTfitter
Developed by a team from Dortmund and LIP       
https://github.com/tudo-physik-e4/EFTfitterRelease

https://github.com/tudo-physik-e4/EFTfitterRelease


Composite Higgs Models
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Composite Higgs models
• Collaboration between LIP, IPPP-Durham and Granada 

• These models often predict new vector-like quarks 
• (ongoing searches under LIP responsibility in ATLAS) 

• Important to fully explore the full parameter space 
• Alternative production and decay mechanisms  

• → new interpretations and analysis strategies 

• Maria Ramos started her PhD at LIP-Minho (and IPPP-Durham) and 
will focus on collider phenomenology of CHM, as well as their potential 
astrophysical signals 
• Study of viable dark mater candidates at the LHC

[PRD96 (2017) 015028]



Higgs production and couplings

14

Amor Dos Santos et al. :: Phys. Rev. D 96 013004 (2017) 
Broggio, Ferroglia, Fiolhais, Onofre :: Phys. Rev. D 96  073005 (2017)  

Azevedo, Filthaut, Gonçalo, Onofre :: arXiv:1711.05292 [hep-ph] 
 



                                                                                       A.ONOFRE (UM)

TOP QUARK HIGGS BOSON  
ASSOCIATED PRODUCTION @ LHC:

WORK PLAN (2018):  STUDY THE NATURE OF THE COUPLING @ 
                                   HL-LHC, HE-LHC AND FCC-HH

1)  ttH dileptonic channel: 
   
   

2) ttH semileptonic channel:                   

WHY STUDYING THE COUPLING?
IT JUST HAPPENS WE WANT TO KNOW WHERE WE LIVE…!

NEW ANGULAR DISTRIBUTIONS EXPLORED
Phys. Rev. D 96, no. 1, 013004 (2017)

arXiv:1711.05292 (2017)

pseudo-scalarscalar

LIMITS @ 95% CL

3)   NLO vs NLO+NLL @ LHC
Phys. Rev. D 96, no. 7, 073005 (2017)



Anomalous top quark couplings 

16

Déliot, Faria, Fiolhais, Lagarelhos, Onofre, Pease, Vasconcelos :: Phys. Rev.  D97 (2018) 013007   



ANOMALOUS COUPLINGS                                                                     A.ONOFRE (UM)

CHOICE OF PHYSICS CHANNELS:
RESULTS:

FROM THE EXPERIMENTAL SIDE: 
    ( INTEGRATED APPROACH )

OBSERVABLES:
1)  DOUBLE TOP QUARK PRODUCTION: 
     

2)  SINGLE TOP QUARK PRODUCTION: 

COMMON FEATURE:

1)  USE SINGLE  TOP QUARK OBSERVABLES 
2)  USE DOUBLE TOP QUARK PRODUCTION OBSERVABLES 
3) DO THIS STEP BY STEP INCREASING THE NUMBER OF 

OBSERVABLES EACH STEP, AS THEY BECOME AVAILABLE 
4) PERFORM A GLOBAL FIT OF ALL OBSERVABLES AT THE SAME  

TIME (HIGGS LIKE) 
5) RANK THE OBSERVABLES,      CHOOSE TOP10….. 

FROM THE THEORY SIDE: 
1)  MAKE SURE DEPENDENCES ARE AVAILABLE 
2)  USE GLOBAL FITTERS AS TOOLS (TOPFIT,…) 
3) INCLUDE PROGRESSIVELY NEW OBSERVABLES 

DEPENDENCES 
4) MAKE SURE ALL REAL AND IMAGINARY COMPONENTS IN

arXiv:1711.04847, published PRD
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ANOMALOUS COUPLINGS                                                                     A.ONOFRE (UM)

1) FOR HL-LHC: 
★ TTBAR OBSERVABLES:  
    SIGN = TTBAR (SM) SAMPLES    (PROTOS SAMPLES ?)  AND 
     BCK  = SINGLE TOP (ALL 3 CHANNELS), V+JETS (V=W,Z), DI-BOSON  
  
★ SINGLE TOP OBSERVABLES:  
    SIGN = SINGLE TOP (SM) SAMPLES  (ALL 3 CHANNELS)    AND 
     BCK  =TTBAR, V+JETS (V=W,Z), DI-BOSON  
  
★ SCALING TO HIGH LUMINOSITY BASED ON STATISTICS   
   PROBABLY USED 

RESULTS:

2) FOR HE-LHC (27 TEV) AND FCC-HH(100TEV): 
      WOULD NEED BASICALLY THE SAME THING FOR 27-100TEV 

★ TTBAR OBSERVABLES:  
    SIGN = TTBAR (SM) SAMPLES  AND 
     BCK  = SINGLE TOP (ALL 3 CHANNELS), V+JETS (V=W,Z), DI-BOSON  
  
★ SINGLE TOP OBSERVABLES:  
    SIGN = SINGLE TOP (SM) SAMPLES  (ALL 3 CHANNELS)    AND 
     BCK  =TTBAR, V+JETS (V=W,Z), DI-BOSON  

3) TOOLS: 
    INPUT FROM THEORY MANDATORY !!! 

★ FITTERS:  
    TOPFIT HAS BEEN USED 
     NEW TOOLS AVAILABLE 
   

MONTE CARLO SAMPLES AND TOOLS NEEDED:

3



heavy quarkonium

19

Faccioli, Lourenço, Araújo, Knünz, Krätschmer, Seixas :: Phys. Lett. B 773, 476 (2017) 
Faccioli, Lourenço, Araújo, Knünz, Krätschmer, Seixas :: arXiv:1802.01106 [hep-ph] 

Faccioli, Lourenço, Araújo, Seixas :: Eur. Phys. J. C 78, 118 (2018) 



Unexpectedly	simple	data	patterns

7 TeV 13 TeV

Mid-rapidity	cross	section	measurements	show	a	common	shape	pattern	
for	pT	/M					2,	independent	of	M	and	quantum	numbers	>~

dσ/dpT	vs	pT/M
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Scaling	all	data	to	match	the	J/ψ	normalization

arXiv:1710.11002 

Unexpectedly	simple	data	patterns
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A	“surprising”	agreement	with	NRQCD 22

⇒ cancellations	are	needed	to	reproduce	data….

The	variety	of	kinematic	behaviours	in	NRQCD	seems	
redundant	with	respect	to	the	observed	“universal”	
pT	/M	scaling	and	lack	of	polarization

dσ
/d
p T
		[
a.
u.
]

pT/M pT/M pT/M

J/ψ	&	ψ(2S)	-	data 
calc.	NLO	1S0[8]

χc1	-	data	
calc.	NLO	3S1[8]+3P1[1]		

χc2	-	data	
calc.	NLO	3S1[8]+3P2[1]		

NRQCD	@	NLO

J/ψ,	ψ(2S)
ϒ(1,2,3S)
χc1	,	χb1
χc2	,	χb2

3S11S0 3P0|1|2

3S13P1
3S13P2

…and	they	actually	happen!

results	of	a	fully	
data-driven	fit	of	
charmonium	data



Ultimate	conspiracy	or	need	for	a	better	NRQCD?
23

The	seeming	success	of	NRQCD	
uncovers	a	strong	prediction: 
the	unmeasured	χc1	and	χc2	
polarizations	must	be	very	different	
from	one	another

pT/M

λθ

A	potentially	striking	exception 
to	the	uniform	picture 
of	mid-rapidity	quarkonium	
production!

χc	polarization	analysis	ongoing	in	the	LIP	CMS	group	
Will	we	find								...	a	large	χc2	–	χc1	polarization	difference?	⇒ smoking	gun! 
	 												…	weak	χc1	and	χc2	polarizations	as	for	S-wave	states? 

⇒ need	of	improved	(simpler?)	NRQCD	hierarchies	
	 	 					or	better	perturbative	calculations

|Δλθ|≈ 1

χc1	significantly	transverse

Cancellation:	χc1 + χc2	→	J/ψ	 

≈  as	observed	in	prompt	data!

χc2	sign
ificantly

	longitud
inal

at	the	barycentre	of 
current	CMS	χc	data



Long-distance	scaling:	another	universal	pattern?	

 ∝ Ebinding
σψ|ϒ
σQQ

δ

	dσ/dpT(quarkonium) 

dσ/dpT[M=M(QQbar)]

defined	by	extrapolating 
dσ/dpT(M)		to 
2mQ	=	Mηc(1S)	or	Mηb(1S)

The	QQbar→bound-state	“transition	probabilities” 
show	a	clear	correlation	with	binding	energy, 
−	common	to	charmonium	and	bottomonium, 
−	identical	at	7	and	13	TeV:

→ an	experimental	confirmation	of	the	“factorization”	ansatz	of	NRQCD

measured	cross	sections
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top quark as probe of QGP time structure

25

Apolinário, Milhano, Salam, Salgado  :: arXiv:1711.03105 [hep-ph]  



Tops in HIC

✦ Probing the QGP time structure with top quarks: 

✦ Total time delay = top decay + W decay + decoherence time

26
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Jets from the W decay will only start los at later 
times:

𝛕m



Tops in HIC

✦ Probing the QGP time structure with top quarks: 

✦ Total time delay = top decay + W decay + decoherence time
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Jets from the W decay will undergo jet energy 
loss at later times:

Jet energy loss ⇒ change in W mass  
W mass can be used as an observable to probe 

different timescales of the QGP

𝛕m



Tops in HIC

✦ Probing the QGP time structure with top quarks: 

✦ Total time delay = top decay + W decay + decoherence time 

✦ Maximum time, 𝛕m  that can be distintinguished with 2𝜎 for a given 
𝓛equivPbPb:

28

4

FIG. 4. Dependence of the reconstructed W mass on the
reconstructed top pt for HE-LHC (left) and FCC (right) col-
lisions. The quenched result corresponds to baseline full mod-
ification of the pp results, which would in practice be obtained
using knowledge of quenching from other measurements.

were present and started interacting from time 0. In a
real experiment, the corresponding scaling factor could
be obtained by measuring quenching in another quark-
jet dominated process (e.g. with �+jet or Z+jet balance),
as a function of the jet pt.

For short values of the e↵ective medium lifetime, ⌧m,
the mfit

W result is close to the unquenched result. This re-
flects the fact that theW decay products start interacting
only towards the end of the medium lifetime. For larger
values of ⌧m they instead still see most of the medium
duration, and most of the quenching. A very short-lived
medium, ⌧m = 1 fm/c, could be distinguished from the
full quenching baseline at the LHC with its currently ap-
proved LPbPb = 10 nb�1. However, to distinguish larger
values of ⌧m would require either higher luminosities or
higher energies. This is illustrated in the right-hand plot
of Fig. 3 for a future HE–LHC (

p
sNN = 11 TeV), where

the tt̄ cross section is 6 times larger.
At higher-energies it becomes advantageous to explore

the precot,top dependence of mfit
W , illustrated in Fig. 4 for the

HE–LHC and the FCC (
p
sNN = 39 TeV). For each bin

of precot,top, the upper axis shows the corresponding aver-
age ⌧tot. For a given band of ⌧m, when precot,top is large
enough so that h⌧toti & ⌧m, the band merges with the
unquenched expectation. Thus the shape of the precot,top

dependence gives powerful information on the medium
time-structure.1

1 The unquenched and baseline-quenched bands also have a precot,top
dependence, induced by the underlying jet and muon pt cuts,
as well as di↵erent amounts of final-state radiation outside the
R = 0.3 jet as a function of precot,top.
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FIG. 5. The maximum medium quenching end-time, ⌧m, that
can be distinguished from full quenching with two standard
deviations, as a function of luminosity for di↵erent collider
energies and species. For the KrKr points, the LKrKr value
that is used is equal to LPbPb · (APb/AKr)

2, i.e. maintaining
an equal number of nucleon–nucleon collisions.

Fig. 5 shows our estimate of the maximum ⌧m that
can be distinguished at two standard deviations from
the baseline full quenched result, for di↵erent colliders
as a function of LPbPb. The number of standard devi-
ations takes into account the statistical uncertainty of
mfit

W , for both the actual heavy-ion data and the embed-
ded “quenched” pp data (2 fb�1) and an additional 1%
systematic uncertainty (see supplemental material and
Ref. [34]). For each collider luminosity and energy the
results are obtained by choosing a precot,top cut so as to max-
imise the significance.

Fig. 5 also shows results for KrKr collisions. Lighter
ions such as Kr are of interest, despite their smaller
quenching e↵ects [35], because of the potential for higher
e↵ective integrated nucleon-nucleon luminosities [36, 37],
and are discussed further in the supplemental material.

To conclude, in this work we have shown that the study
of top quarks and their decays has a unique potential to
resolve the time dimension in jet-quenching studies of the
QGP. To benefit from this potential requires a su�ciently
large sample of top quarks, in particular to enhance event
rates on the high-pt tail, which gives the sensitivity to the
longer timescales. At the LHC, with currently planned
luminosity, such a programme could begin. With higher
energy colliders or a significantly increased luminosity
at the LHC (whether from longer running or lighter ion
species), there would be substantial prospects for using
jet quenching to study the evolution of the QGP over
the first few fm/c. Overall, our results provide a strong
motivation for a programme of experimental studies of
top-quark production in heavy-ion collisions.
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SUB-JET MOMENTUM SHARING

➤ small modification of zg distribution from ‘additional 
splittings’ and ‘energy loss’ 

➤ medium response essential to reproduce data

CMS Data
with medium response
without medium response
anti-k⊥ R=0.4 jets
140 GeV < p

jet
⊥ < 160 GeV

SoftDrop zcut = 0.1; β = 0; ∆R12 > 0.1

0

0.5

1

1.5

2
JEWEL+PYTHIA Pb+Pb (0 − 10 %)

√
sNN = 5.02 TeV

P
b

P
b

/
p

p

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0.6

0.8

1

1.2

1.4

zg

M
C

/
D

at
a

I

I zg =
(p?, , p?, )

p?, + p?,

I p(zg ) =
P(zg ) + P( � zg )R /

z z P(z) + P( � z)
⇥(zg � z )zg =

min(p?,1, p?,2)

p?,1 + p?,2

zg > zcut



MEASURABLE TELL-TALES OF QGP RESPONSE

➤ additional component at large 
angular separation 

➤ zg dependent modification of sub-
leading jet girth
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HYBRID STRONG/WEAK COUPLING MODEL  

➤ physics at different scales merit different 
treatments 

➤ vacuum jets where each parton loses 
energy non-perturbatively [as given by 
a holographic AdS-CFT calculation]  

➤ lost energy becomes a wake [QGP 
response], part of which will belong to 
the jet

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

– 4 –

branch of the shower is formed, and splits. We model the energy loss of each parton in the shower
as a continuous process, supplementing the in-medium evolution with an explicit energy loss rate
dE/dx that models the strongly coupled dynamics of parton energy loss. We do not track what
becomes of the energy lost by each parton in the shower, implicitly assuming that the lost energy
is incorporated into the strongly coupled fluid, ultimately becoming soft hadrons with momenta of
order T that we do not model. The form that we assume for the rate of energy loss dE/dx therefore
fully encodes all the strongly coupled in-medium dynamics incorporated in our model.

In our model, we explore the consequences of an energy loss rate dE/dx whose form is that
appropriate for the rate of energy loss of an energetic massless quark (excitation in the fundamental
color representation) traversing a slab of plasma with temperature T and thickness x in the strongly
coupled plasma of N = 4 supersymmetric Yang-Mills (SYM) theory [77],

dE

dx

����
strongly coupled

= � 4

⇡
Ein

x2

x2stop

1q
x2stop � x2

, xstop =
1

2sc

E1/3
in

T 4/3
, (2.1)

obtained via the gauge/gravity duality. Here, Ein is the initial energy that the massless quark has
before it enters the plasma, E(x) is the energy that it has after traversing the slab of thickness x,
and xstop is the stopping distance of the high energy excitation — the smallest slab thickness that
results in the energetic excitation losing all of its energy within the slab of plasma. In N = 4

SYM theory, the dimensionless constant sc appearing in the expression for xstop is determined
explicitly in terms of the ´t Hooft coupling � and is sc = 1.05�1/6 [67, 72, 75]. The premise of
our hybrid model is that the form of dE/dx in the strongly coupled quark-gluon plasma of QCD
is the same as in (2.1); we shall see that this hypothesis is uncontradicted by many and varied
sets of data. However, there is no reason at all to expect that the relationship between sc and
� should be the same in QCD and N = 4 SYM theory, as the strongly coupled plasmas of the
two theories have different, and differently many, microscopic degrees of freedom. Furthermore,
there are ambiguities in the definition of jets in N = 4 SYM theory: since hard processes in this
theory do not produce jets [65, 92], different theoretical calculations have been developed in which
highly energetic colored excitations are formed in different ways – no one of which is preferred
over others as a model for jets in QCD since none is model for jet production in QCD. And, the
proportionality constant between E1/3

in /T 4/3 and xstop can depend on details of the particular way
in which a highly energetic colored excitation is formed. For both these reasons, and as discussed
in more detail in Ref. [23], in our model we will assume that any differences between dE/dx

in the strongly coupled plasmas of QCD and N = 4 SYM theory can be absorbed in the value
of sc, which we therefore take as a free parameter whose value must be fixed by fitting to data.
We will refer to the form (2.1) for dE/dx as strongly coupled energy loss. Our hybrid model
constitutes applying this prescription for energy loss branch-by-branch to the partons in a shower
that described in vacuum by PYTHIA. We shall specify the implementation of our hybrid model
fully in subsequent subsections.

In order to have some other benchmarks against which to compare the success of our hybrid
model, as in Ref. [23] we will also explore two other quite different forms for the energy loss
rate dE/dx, one inspired by perturbative calculations of radiative energy loss and the other by

– 6 –

single free parameter 
[accounts for QCD/N=4 SYM differences] 
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Theory Comparison: Distribution of xJγ vs. γ pT

• Overlaid PYTHIA, JEWEL, LBT and Hybrid Model

✓ overall excellent agreement with data and strong predictive power
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FOR THE NEXT TWO YEARS AND BEYOND
✓ strengthen efforts on existing activities 

✓ identify synergies within the group for potentially high-impact 
projects 

✓ identify further complementarity with LIP’s experimental groups for 
in-house thematic task forces 

✓ seek to expand, benefiting from available external funding, the scope 
of the group :: the aim is to match the breadth of LIP’s experimental 
endeavours and have the ability to play a leading role in the 
definition of future projects 

✓ seek points of contact with other researchers/groups in Portugal for 
collaboration 

✓ strengthen existing international collaborations and foster new ones
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