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Why Studying the Top Quark ?
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0) It is there! 
    and we have the opportunity to study its properties
1) Is the most strongly coupled fundamental particle




    this is why “top loops” so important in so many calculations (e.g. EWPT)

gS ≳ yt ≳ g ≳ g′￼ ≳ λ ≫ yb ≫ yc ≫ …

We need to know top properties precisely!

also to answer questions that are unrelated with the top quark itself

2) Could be the portal towards the truly microscopic origin  
ooof the Higgs boson and EWSB

    let’s discuss this concretely, for a Composite Higgs
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p
5/3g0, g2 = g, g3 = gs, of the

top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4
t
g2
s
+ 30y6

t
terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓
Mt [GeV]� 173.1

0.7

◆
� 0.5

✓
↵s(MZ)� 0.1184

0.0007

◆
± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

V[H]

…

[Bezrukov et al., 1205.2893] 

[Degrassi et al., 1205.6497]


…
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V[H]

…

[Bezrukov et al., 1205.2893] 

[Degrassi et al., 1205.6497]


…

Uncertainty on Top mass (actually, *) 
dominates instability scale uncertainty

yt

Target for Future Colliders, 

see Andre’s talk

*See Javier’s talk
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18
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Knowing where the SM sits on this plane, precisely, will offer solid grounds 
to non-solid speculations like Asymptotic Safety and Higgs Inflation
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Higgs is bound state of a new strong force: lH =
1
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Higgs is bound state of a new strong force:
A sharp putative answer to the question of EWSB origin
E

⇤VH

m⇤

Two sectors exist at some Very High (>>TeV) scale       :
Elementary Sector Composite Sector
SM minus Higgs QCD-like confining theory.


No Higgs field.

⇤VH

At , the CS confines. ``Hadrons’’ form, among which the Higgsm*
Below here, the SM is recovered               

lH =
1

m*

Wμ, Gμ, fL,R, (? tR ?)

Higgs is SM-like if it is a Nambu-Goldstone boson

Higgs is Naturally light if m* ∼ TeV
Composite Higgs is transparent to HE modes

dm2
H

dE

Em⇤
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The Top must couple a lot to CS, to get large Yukawa
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The Top must couple a lot to CS, to get large Yukawa
The “SM-like” bilinear coupling structure … 


… is found not to work (while can work for other fermions).

What works is linear couplings:

QL
tR

CS
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The Top must couple a lot to CS, to get large Yukawa
The “SM-like” bilinear coupling structure … 
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 is the typical coupling 
between CS “hadrons”.
g*

gSM ≤ g* < 4π
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Figure 7: Contribution of the four-top interaction to the process pp! tt̄tt̄.
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Figure 8: Cross-section for pp ! tt̄tt̄ as a function of c4t arising from the operator O4t (4t), SM diagrams (SM)

and both (ALL).

Due to Eq. (51), we expect the tt̄ pair coming from the four-top interaction to have a larger

invariant mass and transverse momenta than those coming from gluons. Hence, by taking pT (t1) >

pT (t2) (and the same for the anti-tops), we can identify the top t1 as the scattered top and the

top t2 as the spectator top. We also expect the t1t̄1 pair to have large invariant mass m and to

be produced at large angles and then to have a small pseudorapidity ⌘. These observables can be

useful to discriminate the four-top signal versus backgrounds.

In Fig. 9 we plot the four-top normalized di↵erential cross-section arising from the four-top

contact interaction, and compare this with that of the SM. We show the normalized di↵erential

cross-section versus the invariant mass of the scattered top pair m(t1, t̄1), the transverse momentum

of t1, pT (t1), and its pseudorapidity ⌘(t1); being normalized distributions, they do not depend on

19

Four Tops

Coupling as large as it can be in CH —> best  reach

Grows  —> exploit both energy and luminosity 

Its effect CAN overcome the SM tt>tt amplitude *

m*
∝ E2 = M2

tt

*what matters for EFT validity is E < m*

[Pomarol et al., 0806.3247]

[Banelli et al., 2010.05915] 


[ATLAS, 2007.14858]

[CMS, 1908.06463]


[CMS-PAS-FTR-18-031]

…


See Javi’s talk

b-physics, and Naturalness considerations, favour:



Composite Higgs, Composite Top

25

The Top must couple a lot to CS, to get large Yukawa
The “SM-like” bilinear coupling structure … 


… is found not to work (while can work for other fermions).
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Composite Higgs, 2σ, HL-LHC

Four Tops
Best single-measurement CH probe at HL-LHC!

Today’s data also competitive

[Pomarol et al., 0806.3247]

[Banelli et al., 2010.05915] 


[ATLAS, 2007.14858]

[CMS, 1908.06463]


[CMS-PAS-FTR-18-031]

…


See Javi’s talk

b-physics, and Naturalness considerations, suggest:
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[Banelli et al., 2010.05915] 


[ATLAS, 2007.14858]

[CMS, 1908.06463]


[CMS-PAS-FTR-18-031]

…


See Javi’s talk[1512.04356]

b-physics, and Naturalness considerations, suggest:

Best single-measurement CH probe at HL-LHC!

Today’s data also competitiveDon’t forget direct Top Partners searches!*


[see Carlos’ talk]

8 TeV L d 20 fb-1

13 TeV L ~ 100 fb-1

13 TeV L ~ 3000 fb-1
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Figure 15: Maximal value of the mass of the lightest fermionic partner in the 5+5 2-site model as a function
of f . The red band is obtained by assuming that the relation in eq. (4.4) is valid with 20% accuracy. The
gray bands correspond to the present and expected universal bounds coming from pair production searches.

and the expected reach of future searches. We considered four simplified models in which only one
light SO(4) multiplet of composite resonances is present. The structure of the models is completely
determined by the quantum numbers of the composite multiplet and does not rely on any extra
assumption. They are thus representative of a wide class of explicit models. In addition we also
analyzed a more complete 2-site set-up in which, thanks to a collective breaking mechanism, the
Higgs potential is partially calculable, thus providing a link between the masses of the composite
resonances, the Higgs mass and ⇠.

The present bounds from the 8 TeV LHC data mainly come from the QCD pair production
channel and imply an absolute lower bound on the mass of top partners M & 800 GeV. The
inclusion of single production can slightly improve the bound raising it to M & 1 TeV. It must
be noticed that, in the case of SO(4) singlet resonances, the size of the single production coupling
is strongly related to the size of the deviations in the Vtb CKM matrix element. The region of the
parameter space with sizable single production can thus be also indirectly constrained from the
measurements of Vtb. At present the indirect constraints are dominant with respect to the direct
LHC single production searches. In the 13 TeV LHC run, instead, direct searches are expected to
have a better reach than indirect probes. The 8 TeV LHC bounds do not put a strong Naturalness
pressure on the e↵ective models, since configurations with small tuning � ⇠ 10 are still allowed.

In the case of no new-physics signal, the 13 TeV LHC run is expected to substantially improve
the bounds. The universal constraint from pair production will exceed the M ' 1 TeV level in
the first run 2 phase (with an integrated luminosity L ' 20 fb�1) and could probe masses up to
M ' 2 TeV at the end of the high-luminosity phase. Single production will also have a significant
impact on the exclusions allowing to test resonances with masses in the M ⇠ 3 TeV range. In the
light SO(4) fourplet scenario, configurations with small tuning � . 10 will be completely tested
with L ⇠ 20 fb�1 integrated luminosity. Comparable exclusions for a light singlet will instead
require L ⇠ 100 fb�1. The end of the LHC program, on the other hand, is expected to push the

26

“equivalent” 
Top P. reach

*We have models where coloured Top P. are heavy, but we 
do not necessarily like those models!
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EFT searches = model-independent probes of heavy BSM
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BSM model 1

BSM model 2
…

BSM model n

…
Data

The EFT is a container of models, 
not a self-standing BSM scenario

Probes several models at once, 
including not-yet formulated ones

Synergetic with one-model searches



The (Top) EFT Opportunity

31
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Table 1: Set of dimension-six operators relevant in this work, grouped in five di↵erent

boxes corresponding to the di↵erent classes discussed in the main text. Dashed lines

within a box separate operators in a given class with a di↵erent power counting estimate.
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DµH = H†(�a)DµH � (DµH)†(�a)H and eH = i�2H⇤.

straints, paying special attention to those operators leading to the largest sensitivity on

the parameter space of CH models. The current status is summarized in Fig. 1.

Searches for the production of four top quarks at the 13 TeV LHC have provided im-

portant constraints on the idea of top quark compositeness. From the absence of significant

deviations in the total cross section, which have been searched for using ⇡ 36 fb�1 of data

in the single-lepton [11, 17, 18], opposite-sign dilepton [11, 18], and same-sign dilepton and

multilepton final states [19–21], the combined ATLAS observed (expected) bound on the

four-fermion operator Eq. (1.1) is |ctt|/⇤2 < 1.9 (1.6)TeV�2 at 95% CL [11]. A similar

bound is obtained by CMS [18]. Besides, very recently both experiments have updated

their multilepton searches to ⇡ 140 fb�1 [22, 23], observing mild but intriguing excesses

with respect to the SM predictions; we will discuss these separately in Sec. 3. Constraints

comparable to the one on ctt are obtained for the full set of four-top operators [18], which

also involve the third generation left-handed quark doublet,
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= 4 Fermions 
see Gauthier’s 


and Javi’s talks

OtW = (qLσμντItR) H̃WI
μν

OtB = (qLσμνtR) H̃Bμν
OtG = (qLσμνTAtR) H̃GA

μν

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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The EFT ToDo list, unordered:

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
For instance …

Energy-Growing, e.g. t(b) V—> t(b) V

[Dror et al., 1511.03674, Maltoni et al. 1904.05637, see Ken’s talk]

Interference Resurrection: for sure could be useful for to as well! 
d[1708.07823, CMS-PAS-SMP-20-005] 

r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.

x

z

y

r̂

V1

V2

f 2
+

f 1
+

f 1
�

f 2
�

✓1✓2

'2

'1

⇥

Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
s(f1

+)� ⌘
s(f1

�)

2
,

cos ✓2 = tanh
⌘
s(f2

�)� ⌘
s(f2

+)

2
, (2)

where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ⇡ � �
s(f2

+) = ��
s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [20] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [22, 23]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [21] are employed here.
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Figure 15: Best-fit values of C3W and corresponding 95% CL confidence intervals as a function
of the maximum p

g
T bin included in the fit (left). Measurement with and without the pure BSM

term are given by the black and red lines, respectively. The limits without the pure BSM term
given with and without the binning in |f f | are also shown (right), with black and blue lines,
respectively. The black lines in both figures correspond to the same limits.

The resulting cross section measurements are given in Fig. 17 and Table 11. The measured val-
ues are compared to the prediction from the NLO MG5 aMC+PY8 simulation. The correlation
matrix is also given in Fig. 18. Unlike in the 1D p

g
T cross section the correlations between differ-

ent p
g
T bins are relatively small, as these measurements at high p

g
T are much more dominated

by statistical uncertainties. For a given p
g
T bin the (anti-)correlation between |f f | bins is larger,

due to the migration in the response matrix discussed previously.

10 Summary
This note has presented an analysis of W±g production in

p
s = 13 TeV proton-proton col-

lisions using 137 fb�1 of data recorded by the CMS detector at the CERN LHC. Differential
and fiducial cross sections have been measured for several observables and compared to stan-
dard model predictions computed at next-to-leading order and next-to-next-to-leading order
in perturbative quantum chromodynamics. Constraints on the presence of heavy new physics
affecting the WWg vertex have been determined using an effective field theory framework. A
novel two-dimensional approach is utilized with the simultaneous measurement of the pho-
ton transverse momentum and the azimuthal angle of the charged lepton in a special reference
frame. This yields sensitivity to the interference between the standard model and the O3W op-
erator that is enhanced by up to a factor of ten compared to a measurement using the transverse
momentum alone.
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The EFT ToDo list, unordered:

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
For instance …

Energy-Growing, e.g. t(b) V—> t(b) V

[Dror et al., 1511.03674, Maltoni et al. 1904.05637, see Ken’s talk]

Interference Resurrection: for sure could be useful for top as well! 
d[1708.07823, CMS-PAS-SMP-20-005]                                                            [see e.g. 1806.07438]
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Figure 3. Expected exclusion reach on G(3)
ϕq (left) and onGW (right) with the various methodologies

described in the text. The results are also reported in table 1.

probably due to the appearance of same-helicity SM transverse amplitudes (see section 3.2)
and of the corresponding interference term for the OW operators.

Notice few minor differences in the implementation of the Quadratic Classifier and
of the Binned Analysis at NLO. The Quadratic Classifier now also employs the variable
pT,ZW, as discussed in section 3. The Binned Analysis for G(3)

ϕq employs pT,ZW as well,
through a cut pT,ZW/pT,V < 0.5. This improves the reach [40] because it helps recovering
(partially) the background suppression due to the zero of the transverse amplitudes in the
central region.

6 Neural Network implementation and validation

The strategies described in section 2 were implemented in Pytorch [62] and run on NVIDIA
GeForce GTX 1070 graphics card. Fully connected feedforward deep Neural Networks were
employed, acting on the features vector

x = {s, Θ, θW , θZ , pT,ZW, pT,Z, sinϕW , cosϕW , sinϕZ , cosϕZ} , (6.1)

for a total of 10 features. Each feature is standardized with a linear transformation to
have zero mean and unit variance on the training sample. For the Quadratic Classifier
training, the Wilson coefficient employed in the parametrization (2.12) were scaled to have
unit variance on the training sample. Employing the redundant variables (i.e., pT,Z, and
the cosines and sines of ϕW,Z) is helpful for the performances, especially the angular ones,
which enforce the periodicity of the azimuthal angular variables. The “baseline” results
presented in figures 2, 3 and in table 1 were all obtained with the features vector above
and employing a total of 6 million training Monte Carlo points for each of the two Wilson
coefficients. Training was always performed with a single batch (which was found to perform
better in all cases), even if in practice the gradients calculation was split in mini-batches of
100k points in order to avoid saturating the memory of the GPU. Apart from these common
aspects, the optimization of the Neural Network design and of the training strategy is rather
different for the Quadratic and for the Standard Classifier methods. They are thus discussed
separately in what follows.

– 25 –

Going Multivariate:        idem!  d 
dMachine Learning Potential 
d[Brehmer et al., 1805.00020, 1908.06980, …]

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
For instance …

Energy-Growing, e.g. t(b) V—> t(b) V

[Dror et al., 1511.03674, Maltoni et al. 1904.05637, see Ken’s talk]

Interference Resurrection: for sure could be useful for top as well!  
d[1708.07823, CMS-PAS-SMP-20-005] 

Going Multivariate: idem ! [see CMS-PAS-TOP-21-001]  d 
dMachine Learning Potential 
d[Brehmer et al., 1805.00020, 1908.06980, …]

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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The EFT ToDo list, unordered:
✦ Define target interaction operators: [1802.07237]


the initial target must be simple enough. E.g., top-philic EFT [1807.02441]

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham
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The EFT ToDo list, unordered:

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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The EFT ToDo list, unordered:

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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The EFT ToDo list, unordered:

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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The EFT ToDo list, unordered:

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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The EFT ToDo list, unordered:

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Watch Around: Low-Energy probes

offer sensitivity targets and (rarely) reasons to drop op.s from our list

✦ Define target interaction operators: [1802.07237]

the initial target must be simple enough. E.g., top-philic EFT [1807.02441]
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The EFT ToDo list, unordered:
✦ Define target interaction operators: [1802.07237]


the initial target must be simple enough. E.g., top-filic EFT [1807.02441]

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Watch Around: Low-Energy probes

offer sensitivity targets and (rarely) reasons to drop op.s from our list

For instance …
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FIG. 3: Combined current LHC and Tevatron 95% C.L.
constraints on the top CMDM (µ̃t) and the CEDM (d̃t)
(shaded in yellow). Individual constraints come from the to-
tal cross-section and mtt̄ spectrum measurements at the Teva-
tron (dashed blue and doted red), as well as the LHC (shaded
blue and red). The combination of only Tevatron constraints
is drawn in black. Finally the CEDM indirect constraint is
presented in green.

a Gaussian kernel. We estimate a O(0.25 · mtt̄) width
for this smearing by comparing to the reconstructed in-
variant mass resolutions of a sample of narrow Z

0 models
in the same ATLAS study. Finally, to estimate A · ✏ we
compare the smeared SM mtt̄ distribution, computed us-
ing known approximate NNLO QCD results [33], with
the reconstructed SM background distribution presented
in the ATLAS Note. Using Br(tt̄ ! 4j+ `) = 0.3 (where
` = e, µ) we extract a constant A · ✏ ' 0.3 for the mtt̄

bins between 1 TeV < mtt̄ < 1.6 TeV, which can be now
used to compare the signal with the data.

We find for the measured tt̄ cross-sections including
statistical and our estimates for the systematic uncer-
tainties

�(1 TeV < mtt̄ < 1.2 TeV) = (2.9± 0.6) pb , (16a)

�(1.2 TeV < mtt̄ < 1.4 TeV) = (1.0± 0.3) pb , (16b)

�(1.4 TeV < mtt̄ < 1.6 TeV) = (0.45± 0.19) pb ,(16c)

which corresponds to

�(mtt̄ > 1 TeV) = (4.5± 0.79) pb . (17)

These results may be directly compared to partonic mtt̄

distributions smeared with 0.25 ·mtt̄-wide Gaussians.

We evaluate the e↵ect of the top CMDM and CEDM
on the relevant Tevatron and LHC observables at LO
in QCD, using the known partonic cross-section formu-
lae [23] convolved with MSTW2008 PDFs [30] . We nor-
malize our SM values to respective approximate NNLO
results [28, 33, 35] including theoretical uncertainties.
Additionally we have checked the residual theoretical un-
certainty in the relative NP contributions by varying the
factorization and renormalization scales and finding neg-
ligible di↵erences. We compare these estimates of the in-
clusive and high mtt̄ cross-sections with the correspond-
ing measurements both at the Tevatron and the LHC in
Fig. 3.

We observe that the new ATLAS result on the high
mtt̄ region at the LHC sizably shrinks the allowed region
in the (µ̃t, d̃t) plane relative to previous results [24] or
compared to using only Tevatron data. Marginalizing
over the CEDM values, we obtain a new best bound on
the top CMDM of

|µ̃t|mt < 0.05 (95%C.L.) . (18)

The CEDM of the top is constrained to

|d̃t|mt < 0.16 (95%C.L.) , (19)

or |d̃t| < 1.9 · 10�17 cm, which is almost two orders of
magnitude weaker than our new indirect bound (6). A
remark on the consistency of our EFT expansion is in
order here. The CP violating CEDM does not interfere
with the SM and its contribution to the cross section
starts at ⇠ 1/⇤4, and not at ⇠ 1/⇤2 as the CP conserving
CMDM. It is therefore of the same order as interfering
dimension eight operators, which in principle should have
been included. Fortunately the far dominant constraint
arises from indirect observables and we can safely ignore
this issue.

The bounds can be expressed in terms of the gauge-
invariant basis of Eq. (1). The minimum scale for new
physics contributing to the gluonic dipole moments has
to be

Re⇤direct

LR,c
> 1.1 TeV ,

Im⇤direct

LR,c
> 0.62 TeV ,

Im⇤neutron

LR,c
> 4.7 TeV ,

where we have separated the minimum scale for real and
imaginary contributions.

Let us now consider the prospects of probing a CEDM
at the LHC as small as required by the indirect bound (6)
in absence of large cancellations. In [37], it was estimated
that a 5� detection for a value of d̃tmt = 0.05 would re-
quire 10 fb�1 at 14 TeV. We see that one would therefore
need at least O(1 ab�1) luminosity to detect CP violation
at 5� from a top CEDM. This is likely beyond current
LHC capabilities, unless further collider studies can im-
prove the reach (c.f. [38]).

Top CEDM from 
neutron EDM

Neutron and electron EDM probes of CP-violation

[Kamenik al., 1107.3143, Cirigliano et al. 1603.03049, Cesarotti et al., 1810.07736, …
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The EFT ToDo list, unordered:
✦ Define target interaction operators: [1802.07237]


the initial target must be simple enough. E.g., top-filic EFT [1807.02441]

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Watch Around: Low-Energy probes

offer sensitivity targets and (rarely) reasons to drop op.s from our list

For instance …
Neutron and electron EDM probes of CP-violation


[Kamenik al., 1107.3143, Cirigliano et al. 1603.03049, Cesarotti et al., 1810.07736, …

All Top Dipoles “probed better” at low energy than (HL-)LHC?

[Cirigliano et al. 1605.04311]


Question mark is because we do not know how well LHC can do.

And because LHC essential for global probe
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The EFT ToDo list, unordered:
✦ Define target interaction operators: [1802.07237]


the initial target must be simple enough. E.g., top-filic EFT [1807.02441]

✦ Find best exp. probe of each op. (or op. combination):

huge variety of possible measurements, and of operators 


the most ambitious pheno program ever!
✦ Make accurate enough predictions:


of the RIGHT EFT-optimised observables

see talks by John and Giulia


also needs EFT prediction

see talks by Ilaria and Hesham

✦ Make accurate enough measurements:

of the RIGHT EFT-optimised observables


see talks by Luca, James, Giulia, Joscha, …

✦ Watch Around: Low-Energy probes

offer sensitivity targets and (rarely) reasons to drop op.s from our list

For instance …
Neutron and electron EDM probes of CP-violation


[Kamenik al., 1107.3143, Cirigliano et al. 1603.03049, Cesarotti et al., 1810.07736, …

All Top Dipoles “probed better” at low energy than (HL-)LHC?

[Cirigliano et al. 1605.04311]


Question mark is because we do not know how well LHC can do.

And because LHC essential for global probe
Simple Top-philic Flavour Patterns:      [Barbieri, 1910.00371]

m⇤ [TeV ]

g⇤
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Case 1

FIG. 2. Case 1: Current bounds now (full lines) and the sensitivity expected in the ”near” future

(dotted lines) from �Bs = 2 (blue) and the neutron EDM (red). Also shown is the current bound

from the electron EDM (yellow) and from �Bs = 1 (green) in models without a custodial parity.

Everywhere xt = 1/2, eq. 4.

⌧ ! µ� µ ! e�

m⇤/TeV 8 g⇤
4⇡ 16 g⇤

4⇡

TABLE IV. Lower bounds on m⇤/TeV from LFV decays

plus similar terms with the role of L and R reversed. In view of the current bounds, this leads

to the lower limits on m⇤ shown in Table IV. Since the sensitivity to the relevant branching

ratios is expected to improve by one order of magnitude, these bounds are expected to

improve by about a factor of three.

If C
dip has a phase, again after going to the physical basis, eq. (21) leads to electric

dipole moments for the leptons. For the electron,

L
dip

e
=

g
2
⇤

16⇡2

m⌧

m2
⇤
C

dip

⌧
(
me

m⌧

)2(⌧̄L�µ⌫⌧R)eF µ⌫
, (23)

so that, with maximal phase, the current limit on the eEDM < 1.1 · 10�29
e · cm, leads to
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m⇤ [TeV ]

g⇤

2 4 6 8 10 12

2

4

6
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Case 2

FIG. 3. Case 2: Current bounds now (full lines) and the sensitivity expected in the ”near” future

(dotted lines) from �C = 2 (blue) and the neutron EDM (red). Also shown is the current bound

from the electron EDM (yellow). Everywhere xt = 1/2, eq. 4.

the bound

m⇤ < 20
g⇤

4⇡
TeV. (24)

VII. SUMMARY

From now up to the operation of the next high energy accelerator, flavour physics will

be an important tool for BSM searches at the TeV scale. A particularly relevant case

is represented by the possibility that the Higgs be a composite PNGB at a scale lH =

1/m⇤. While a totally model-independent assessment of the potential of flavour physics is

impossible, one can nevertheless consider two examples, Case 1 and 2 defined in Section II,

that illustrate what is likely to be a minimal sensitivity on m⇤. This is summarised in

Fig.s 2 and 3 for the two cases respectively. Other cases considered in the text (Case 3

in Section II, and Section VI) give stronger and/or additional constraints. For comparison

we show in Fig. 4 the sensitivity expected from flavour-less Precision Tests on the same

basic composite Higgs model. Taking into account that in all the three figures the various

bounds can be moved by di↵erent O(1) factors, the complementarity of the two approaches

10

n-EDM n-EDM

e-EDM e-EDM

FIG. 4. Current bounds now (dotted lines) and the sensitivity expected at the end of HL-LHC

(full lines) from flavour-less Precision Tests and direct searches. Adapted from a talk by A. Wulzer

for the European Strategy, Granada,13-16 May, 2019

is manifest.

Although the considerations developed in this note are far from exhausting the potential

impact of flavour physics in the ”near” future, with the general aim of finding clues to attack

the flavour puzzle, we think that they illustrate concretely such potential in a particularly

relevant example1.

ACKNOWLEDGMENTS

I am grateful to Gino Isidori, Luca Silvestrini and in particular David Straub for their

helpful comments and informations.

[1] G. Panico and A. Pomarol, JHEP 1607 (2016) 097 doi:10.1007/JHEP07(2016)097

[arXiv:1603.06609 [hep-ph]].

1 One may wonder if and how the putative anomalies currently observed in B-decays can fit into a composite

Higgs picture. They could potentially fit in Case 2 with m⇤ & 2 TeV and g⇤ = (1 ÷ 2)m⇤/TeV , Fig.3 (as

well as x⌧ = �⌧
L/�⌧

R close to g⇤/y⌧ ) with a suppressed CP-violating phase in the electron EDM.
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