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Figure 4: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a ?-value of ?SM = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.

12

e.g. [ATLAS `21]

BSM ?

‣ plethora of serious theoretical 
problems: tuning, CP, …

‣ somehow SM correlations at 
high energies (too!)  accurate



‣ plethora of serious theoretical 
problems: tuning, CP, …

‣ integrated approach across energy scales

‣ tension anomalies

‣ tension motivated approaches

‣ close loopholes

clues in data?

‣ somehow SM correlations at 
high energies (too!)  accurate
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Strong interaction top flavour
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<latexit sha1_base64="92vmXxl/sk31Q6IS94Oo91V3MlY=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9Vjw4rGC/YA2lM120i7dZMPupFBC/4kXD4p49Z9489+4bXPQ1gcDj/dmmJkXplIY9LxvZ2Nza3tnt7RX3j84PDp2T05bRmWaQ5MrqXQnZAakSKCJAiV0Ug0sDiW0w/H93G9PQBuhkiecphDEbJiISHCGVuq7LldxqoxAoAYZgum7Fa/qLUDXiV+QCinQ6LtfvYHiWQwJcsmM6fpeikHONAouYVbuZQZSxsdsCF1LExaDCfLF5TN6aZUBjZS2lSBdqL8nchYbM41D2xkzHJlVby7+53UzjO6CXCRphpDw5aIokxQVncdAB0IDRzm1hHEt7K2Uj5hmHG1YZRuCv/ryOmnVqv5N9fqxVqnXizhK5JxckCvik1tSJw+kQZqEkwl5Jq/kzcmdF+fd+Vi2bjjFzBn5A+fzB+qdk9c=</latexit>

composite states
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⇤
‣ two ingredients


☛ weak gauging of subgroup


☛ fermion masses through mixing 
with baryonic matter


☛ minimal phenomenological 
SO(5)→ SO(4) ≃ SU(2)^2

<latexit sha1_base64="2wbnZ4hFjUDr9OcAPAZc4Dlvn3w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavU63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBe22Muw==</latexit>
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bosons + fermions

PNGBs SO(5)→ SO(4)

<latexit sha1_base64="92vmXxl/sk31Q6IS94Oo91V3MlY=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9Vjw4rGC/YA2lM120i7dZMPupFBC/4kXD4p49Z9489+4bXPQ1gcDj/dmmJkXplIY9LxvZ2Nza3tnt7RX3j84PDp2T05bRmWaQ5MrqXQnZAakSKCJAiV0Ug0sDiW0w/H93G9PQBuhkiecphDEbJiISHCGVuq7LldxqoxAoAYZgum7Fa/qLUDXiV+QCinQ6LtfvYHiWQwJcsmM6fpeikHONAouYVbuZQZSxsdsCF1LExaDCfLF5TN6aZUBjZS2lSBdqL8nchYbM41D2xkzHJlVby7+53UzjO6CXCRphpDw5aIokxQVncdAB0IDRzm1hHEt7K2Uj5hmHG1YZRuCv/ryOmnVqv5N9fqxVqnXizhK5JxckCvik1tSJw+kQZqEkwl5Jq/kzcmdF+fd+Vi2bjjFzBn5A+fzB+qdk9c=</latexit>

composite states

A

A

A

A

X

Y

X

Y

X

Y

SU(2) x U(1)
gauging

mixing

Strong interaction top flavour
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⇤

two main model-building ingredients

☛ weak gauging of subgroup

☛ fermion masses through mixing with 

baryonic matter

☛ minimal phenomenological version 

SO(5)→ SO(4) ≃ SU(2)2


☛ realistic scenarios more complicated
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W,Z,H, t

e.g. [Contino `10]…


 [Ferretti `14]…

[Kaplan `91]

[Agashe, Contino, Pomarol `04]…
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Q0, T,W 0, ...

strongly-interacting top flavour

<latexit sha1_base64="5yNPJmaK9gMt7MWDbmXgsVd8DBc=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCp7ArEr0Z9OIxQl6QDWF20kmGzD6Y6RXDEvFXvHhQxKvf4c2/cZLsQRMLGoqqbrq7/FgKjY7zbS0tr6yurec28ptb2zu79t5+XUeJ4lDjkYxU02capAihhgIlNGMFLPAlNPzhzcRv3IPSIgqrOIqhHbB+KHqCMzRSxz70+mjcgHoID5i6j1Woj686dsEpOlPQReJmpEAyVDr2l9eNeBJAiFwyrVuuE2M7ZQoFlzDOe4mGmPEh60PL0JAFoNvp9PwxPTFKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi7bKcijBOEkM8W9RJJMaKTLGhXKOAoR4YwroS5lfIBU4yjSSxvQnDnX14k9bOiWyqW7s4L5essjhw5IsfklLjkgpTJLamQGuEkJc/klbxZT9aL9W59zFqXrGzmgPyB9fkDQGmVsA==</latexit>& 1 TeV?
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• existing direct top partner constraints in the range of       1.5 TeV 
compatible


• theoretical uncertainties are main sensitivity limitations, adding 
additional channels does not change this picture dramatically

<latexit sha1_base64="nsnSGsULpqPx+iAgJhjKwagLkio=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMhM7PLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR3cxvPXFjRaIfcZzyUNGBFrFgFJ3U6g7QeapXrvhVfw6ySoKcVCBHvVf+6vYTlimukUlqbSfwUwwn1KBgkk9L3czylLIRHfCOo5oqbsPJ/NwpOXNKn8SJcaWRzNXfExOqrB2ryHUqikO77M3E/7xOhvFNOBE6zZBrtlgUZ5JgQma/k74wnKEcO0KZEe5WwobUUIYuoZILIVh+eZU0L6rBVdV/uKzUbvM4inACp3AOAVxDDe6hDg1gMIJneIU3L/VevHfvY9Fa8PKZY/gD7/MHjtSPtg==</latexit>&
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In Fig. 2 we compare di↵erent assumptions on the the-
oretical uncertainties in terms of the maximal top part-
ner mass mT and the minimal |K| that can be excluded.
Note that these are not strict exclusion limits, smaller
mT and larger |K| might still be allowed. However, Fig. 2
represents a measure of the maximally possible sensitiv-
ity that can be probed at the HL-LHC in terms of the
above quantities. As can be seen in Fig. 2, the sensi-
tivity of indirect searches crucially depends on the ex-
pected theoretical uncertainty that will be achievable at
the 3/ab stage. As for all channels that are not statis-
tically limited at hadron colliders, the theoretical error
quickly becomes the limiting factor to the level where
indirect searches will not provide complementary infor-
mation even at moderate top partner masses. A common
practice [78, 79] for estimating projections for theoreti-
cal uncertainties at the HL-LHC is to apply a factor of
1/2 to the current theoretical uncertainties at the LHC.
According to this prescription the projected theory un-
certainties at the HL-LHC for for the observables studied
in the analyses listed in Tab. I are given by ⇠ 1 � 5%.

It is instructive to compare the approximate9 bounds
on the anomalous couplings obtained in Fig. 1

�W,L 2 [�0.025, 0.02] , �W,R 2 [�0.0014, 0.0013] ,

�t

Z,L
2 [�0.073, 0.06] , �t

Z,R
2 [�0.33, 0.37]

with 95% CL marginalised limits obtained from a model
agnostic fit performed by TopFitter using the same
experimental projections

�W,L 2 [�0.029, 0.019] , �W,R 2 [�0.009, 0.009] ,

�t

Z,L
2 [�0.639, 0.277] , �t

Z,R
2 [�1.566, 1.350] .

In particular, the comparison of �W,R, �t

Z,L
, �t

Z,R
between

the two results illustrates the fact that coupling devia-
tions (or Wilson coe�cients in the context of EFT) are
likely to receive much stronger constraints from the anal-
yses of a concrete model (possibly matched to EFT) due
to correlations imposed by that model. This highlights
that recent multi-dimensional parameter fits [80–86] are
more sensitive to concrete realisations of high-scale new
physics than the current model agnostic (marginalised)
constraints might suggest. This will be further enhanced
once we move towards the high statistics realm of the
LHC and whatever high energy frontier after that.

We now turn to the extrapolation of the analyses in
Tab. I to a future FCC-hh. To this end we reproduce the
observables in Tab. I at a centre-of-mass energy of 100
TeV (we will comment on widening the list of observ-
ables below). In addition, we include overflow bins in pT

distributions reflecting the fact that future analyses at
100 TeV will have a higher energy reach10. In parallel,

9Due to its granularity the scan provides only approximate bounds.
10The total number of degrees of freedom of the experimental results
projected to

p
s = 100 TeV and L = 30/ab is N = 35.

we rescale the statistical uncertainty from the analyses
in Tab. I to 30/ab and assume a reduction in systematic
experimental uncertainties to 1% of the LHC analyses.11

For the 13 TeV analyses the bin-to-bin correlations have
only a small impact on the exclusion of parameter points.
Hence, we assume all measurements and bins in the 100
TeV analyses to be uncorrelated. The results for this
scan are presented in Fig. 3, which shows that the FCC-
hh can further improve on the LHC sensitivity by a fac-
tor of <⇠ 3 in terms of indirectly exploring the top partner
mass in the scenario we consider in this work. Again the-
oretical uncertainties as parametrised in our scan are the
key limiting factors of the sensitivity. There is no uni-
form convention or treatment for projecting theoretical
uncertainties to the FCC-hh. However, at least with re-
spect to QCD processes according to Ref. [87] “1% is an
ambitious but justified target”. In principle, a 100 TeV
FCC-hh can reach K = O(1) values as can be seen in
Fig. 4. This is the perturbative parameter region where
T ! tZ direct searches (cf. [88]) are relevant. Hence, we
focus on |K| < 1 when we study this phenomenologically
relevant channel in a representative top partner search in
Sec. V.

Figs. 2 and 4 demonstrate that the uncertainties as de-
tailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively,
this paints a dire picture for the BSM potential. But
we stress that data-driven approaches that have received
considerable attention recently, e.g. [89, 90], together
with the application of new purpose-built statistical tools
to mitigate the impact of uncertainties [91–94] will of-
fer an avenue to inform constraints beyond “traditional”
precision parton-level calculations at fixed order in per-
turbation theory. The basis of our analysis is also formed
by extrapolating existing searches to 3/ab and eventually
to 100 TeV. In particular, when statistics is not a limit-
ing factor, a more fine-grained picture can be obtained
by exploiting di↵erential information in more detail (see
also a recent proposal to employ polarisation information
in non-top channels [95]). The latter, however, needs to
be considered again in the context of experimental and
theoretical limitations. Since the constraints on the tZ
coupling are the limiting factor in the indirect analysis
considered here we have extended the inclusive tjZ mea-
surement by di↵erential cross sections to assess the im-
pact of additional di↵erential information. To this end
we include in the tjZ channel the di↵erential cross sec-
tion with respect to the transverse momentum and the
rapidity of the Z boson. However, we do not find a sig-
nificant change in the sensitivity projections as provided
by Figs. 2 and 4. A more detailed study of sensitive
observables at hadron and lepton colliders is needed to

11Here we assume no theoretical uncertainty. A detailed comparison
of the impact of uncertainties and experimental systematics is given
in Fig. 4.
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In Fig. 2 we compare di↵erent assumptions on the the-
oretical uncertainties in terms of the maximal top part-
ner mass mT and the minimal |K| that can be excluded.
Note that these are not strict exclusion limits, smaller
mT and larger |K| might still be allowed. However, Fig. 2
represents a measure of the maximally possible sensitiv-
ity that can be probed at the HL-LHC in terms of the
above quantities. As can be seen in Fig. 2, the sensi-
tivity of indirect searches crucially depends on the ex-
pected theoretical uncertainty that will be achievable at
the 3/ab stage. As for all channels that are not statis-
tically limited at hadron colliders, the theoretical error
quickly becomes the limiting factor to the level where
indirect searches will not provide complementary infor-
mation even at moderate top partner masses. A common
practice [78, 79] for estimating projections for theoreti-
cal uncertainties at the HL-LHC is to apply a factor of
1/2 to the current theoretical uncertainties at the LHC.
According to this prescription the projected theory un-
certainties at the HL-LHC for for the observables studied
in the analyses listed in Tab. I are given by ⇠ 1 � 5%.

It is instructive to compare the approximate9 bounds
on the anomalous couplings obtained in Fig. 1

�W,L 2 [�0.025, 0.02] , �W,R 2 [�0.0014, 0.0013] ,

�t

Z,L
2 [�0.073, 0.06] , �t

Z,R
2 [�0.33, 0.37]

with 95% CL marginalised limits obtained from a model
agnostic fit performed by TopFitter using the same
experimental projections

�W,L 2 [�0.029, 0.019] , �W,R 2 [�0.009, 0.009] ,

�t

Z,L
2 [�0.639, 0.277] , �t

Z,R
2 [�1.566, 1.350] .

In particular, the comparison of �W,R, �t

Z,L
, �t

Z,R
between

the two results illustrates the fact that coupling devia-
tions (or Wilson coe�cients in the context of EFT) are
likely to receive much stronger constraints from the anal-
yses of a concrete model (possibly matched to EFT) due
to correlations imposed by that model. This highlights
that recent multi-dimensional parameter fits [80–86] are
more sensitive to concrete realisations of high-scale new
physics than the current model agnostic (marginalised)
constraints might suggest. This will be further enhanced
once we move towards the high statistics realm of the
LHC and whatever high energy frontier after that.

We now turn to the extrapolation of the analyses in
Tab. I to a future FCC-hh. To this end we reproduce the
observables in Tab. I at a centre-of-mass energy of 100
TeV (we will comment on widening the list of observ-
ables below). In addition, we include overflow bins in pT

distributions reflecting the fact that future analyses at
100 TeV will have a higher energy reach10. In parallel,

9Due to its granularity the scan provides only approximate bounds.
10The total number of degrees of freedom of the experimental results
projected to

p
s = 100 TeV and L = 30/ab is N = 35.

we rescale the statistical uncertainty from the analyses
in Tab. I to 30/ab and assume a reduction in systematic
experimental uncertainties to 1% of the LHC analyses.11

For the 13 TeV analyses the bin-to-bin correlations have
only a small impact on the exclusion of parameter points.
Hence, we assume all measurements and bins in the 100
TeV analyses to be uncorrelated. The results for this
scan are presented in Fig. 3, which shows that the FCC-
hh can further improve on the LHC sensitivity by a fac-
tor of <⇠ 3 in terms of indirectly exploring the top partner
mass in the scenario we consider in this work. Again the-
oretical uncertainties as parametrised in our scan are the
key limiting factors of the sensitivity. There is no uni-
form convention or treatment for projecting theoretical
uncertainties to the FCC-hh. However, at least with re-
spect to QCD processes according to Ref. [87] “1% is an
ambitious but justified target”. In principle, a 100 TeV
FCC-hh can reach K = O(1) values as can be seen in
Fig. 4. This is the perturbative parameter region where
T ! tZ direct searches (cf. [88]) are relevant. Hence, we
focus on |K| < 1 when we study this phenomenologically
relevant channel in a representative top partner search in
Sec. V.

Figs. 2 and 4 demonstrate that the uncertainties as de-
tailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively,
this paints a dire picture for the BSM potential. But
we stress that data-driven approaches that have received
considerable attention recently, e.g. [89, 90], together
with the application of new purpose-built statistical tools
to mitigate the impact of uncertainties [91–94] will of-
fer an avenue to inform constraints beyond “traditional”
precision parton-level calculations at fixed order in per-
turbation theory. The basis of our analysis is also formed
by extrapolating existing searches to 3/ab and eventually
to 100 TeV. In particular, when statistics is not a limit-
ing factor, a more fine-grained picture can be obtained
by exploiting di↵erential information in more detail (see
also a recent proposal to employ polarisation information
in non-top channels [95]). The latter, however, needs to
be considered again in the context of experimental and
theoretical limitations. Since the constraints on the tZ
coupling are the limiting factor in the indirect analysis
considered here we have extended the inclusive tjZ mea-
surement by di↵erential cross sections to assess the im-
pact of additional di↵erential information. To this end
we include in the tjZ channel the di↵erential cross sec-
tion with respect to the transverse momentum and the
rapidity of the Z boson. However, we do not find a sig-
nificant change in the sensitivity projections as provided
by Figs. 2 and 4. A more detailed study of sensitive
observables at hadron and lepton colliders is needed to

11Here we assume no theoretical uncertainty. A detailed comparison
of the impact of uncertainties and experimental systematics is given
in Fig. 4.
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sw, cw, tw are the sine, cosine and tangent of the Wein-
berg angle, respectively.

A non-vanishing K significantly alters the tight corre-
lation of the top partner mass and coupling modifications
of the top due to the mixing with heavy top partners. In
case K = 0, a small top partner mass has to be compen-
sated by a large mixing between top and top partners
in order to lift the mass of the elementary top to its
physically observed value. The mixing angle in turn de-
termines the electroweak coupling deviations of the top
quark in the mass eigenbasis. Hence, for K = 0 there
exists a strong correlation between top partner mass and
top coupling deviation. However, if K is allowed to take
values K 6= 0 this correlation is loosened which in par-
allel opens up momentum enhanced decays T ! ht [32].
In Sec. IV we study the dependence of the sensitivity on
the parameter K in indirect searches and use this infor-
mation to discuss the sensitivity gap with direct searches
in Sec. V.

In addition to the coupling modifications of the top-
associated currents, amplitudes receive corrections from
propagating top partners, for which we provide a short
EFT analysis in appendix A up to mass dimension eight.
In the mass basis these propagating degrees of freedom
generate “genuine” higher dimensional e↵ects and are
therefore suppressed compared to the dimension four top-
coupling modifications. Working with a concrete UV sce-
nario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.

III. ELECTROWEAK TOP PROPERTY
CONSTRAINTS

The weak couplings of the SM top and bottom quarks
are modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left and right-handed vectorial cou-
plings to the W and Z bosons which can be parametrised
as follows

L � t̄�µ
⇥
gt

L
PL + gt

R
PR

⇤
tZµ

+ b̄�µ
⇥
gb

L
PL + gb

R
PR

⇤
bZµ

+
�
b̄�µ [VLPL + VRPR] tW+

µ
+ h.c.

�
. (20)

The anomalous couplings of the top quark, i.e. the rela-
tive deviation with respect to the SM, are denoted by �

gt

L
= � g

2 cos ✓W

✓
1 � 4

3
sin2 ✓W

◆ h
1 + �t

Z,L

i
, (21)

gt

R
=

2g sin2 ✓W

3 cos ✓W

h
1 + �t

Z,R

i
, (22)

VL = � gp
2

h
1 + �W,L

i
, (23)

VR = � gp
2
�W,R , (24)

where g is the weak coupling constant associated with
the SU(2)L gauge group and ✓W is the Weinberg angle.
Note that �W,R is normalised to the left-handed SM cou-
pling of the top quark to the W boson. Technically, we
implement the anomalous couplings in terms of Wilson
coe�cients in an e↵ective Lagrangian of dimension six
operators. The relation between the � parameters and
the Wilson coe�cients in the Warsaw basis [66] is given
in appendix B . The parametrisation in terms of Wilson
coe�cients allows us to use an updated version of the
TopFitter frame work (which will be described in detail
elsewhere [67]) to obtain constraints on the anomalous
couplings of the top quark. The anomalous couplings of
bottom quarks to Z bosons are phenomenologically less
relevant by construction [9].

We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the
top quark. Specifically, we include in the fit 21 exper-
imental analyses [45–65], which are presented in Tab. I
and amount to a total of N = 54 degrees of freedom.

The likelihood provided by TopFitter is defined as

� 2 log L(�)

=
NX

i,j=1

�
Xexp

i
� Xth

i
(�)

�
(V �1)ij

�
Xexp

j
� Xth

j
(�)

�
,

(25)

where Xexp
i

is the experimental result for the observable
Xi and Xth

i
(�) is the theoretical prediction which de-

pends on the anomalous couplings �t

Z,L
, �t

Z,R
, �W,L and

�W,R collectively denoted by �. The inverse covariance
matrix is denoted by V �1 and takes into account bin-
to-bin correlations provided by the experimental collab-
orations. The theoretical uncertainties result from inde-
pendently varying renormalisation and factorization scale
µR, µF = {mt/2, mt, 2mt}4. Furthermore, we take un-
certainties on the parton distribution functions (PDF)
and the strong coupling constant ↵s into account and

4mt denotes the top quark mass and is set to mt = 172.5 GeV
in alignment with the value used in the experimental analyses in
Tab. I.
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FIG. 2: Left: Maximum excluded top partner mass mT vs. reduction in experimental systematic uncertainties. The reduction is
given with respect to the current experimental situation. The bars indicate di↵erent choices for relative theoretical uncertainties.
Right: Minimal |K| in the excluded region of the parameter scan vs. reduction in experimental systematic uncertainty.

of the Lagrangian in Eq. (11) imposing M > 1.5 TeV to
(loosely) reflect existing top partner searches [77]. The
restriction on the parameter combination �t�q is deter-
mined by mt ' 173 GeV and on µb by the b quark mass
mb ' 4.7 GeV (scanning |K| <⇠ 4⇡). Apart from en-
forcing these masses we also consider modifications to
the Higgs boson decay and require the H ! ZZ, �� de-
cay rates to reproduce the SM predictions within 30%
to pre-select a reasonable parameter range. We fix the
Higgs mass to 125 GeV as well as v ' 246 GeV in our
scan, leaving ⇠ (and hence f) as a free parameter. While
the Higgs mass is directly linked with top and top partner
spectra, we implicitly assume cancellations of the associ-
ated LEC parameters as expressed in Eq. (4) when taking
into account top-partial compositeness.

We note that the degree of top compositeness is deter-
mined by the bi-unitary transformation of Eq. (14). In
our scan, we find that the right-chiral top quark shows
the largest degree of compositeness, receiving 70% to 90%
admixture from the hyperbaryon spectrum. In compar-
ison, the left-chiral top is only <⇠ 30% composite in our
scan. The right-chiral gauge coupling properties of the
top are particularly relevant when we want to constrain
this scenario, in particular given that they are absent in
SM (see below).

Given the experimental results reported in Tab. I, we
find that the current LHC (and Tevatron) measurements
do not allow to constrain the parameter space detailed in
Sec. II beyond the constraints that are already taken into
account when scanning the parameter space. Current
Higgs signal constraints, for instance, provide stronger
constraints. Since the top measurements are still at a
relatively early stage in the LHC programme this is not
too surprising, in particular because top final states are
phenomenologically more involved than their Higgs coun-

terparts.

It is more interesting to consider how the sensitivity
provided by the current analysis programme of Tab. I
will evolve in the future. In Fig. 1, we present the re-
sults of the parameter scan for the HL-LHC. The results
are again based on the experimental analyses in Tab. I
but with the statistical uncertainties rescaled to 3/ab and
experimental systematics reduced by 80%.6 We assume
no theoretical uncertainties for now and will comment
on their impact below. The observables of 7 and 8 TeV
analyses in Tab. I are reproduced at 13 TeV7 keeping
the experimental bin-to-bin correlations of the respective
analyses at their original value.8 In Fig. 1, the excluded
points of the parameter scan are coloured in red while
the allowed region is shaded in green. The shading in-
dicates the value of the parameter K. As mentioned in
Sec. II, the value of K loosens the correlation between
the top partner mass and the associated electroweak top
coupling modification. Furthermore, Fig. 1 demonstrates
that with higher luminosity and a (not unrealistic) re-
duction of the present systematic uncertainty we start to
constrain the parameter space with large |K| ⇠ 10 and
associated coupling deviations in the percent range, while
the right-handed Z coupling in the 30% range.

6This estimate is obtained from the statistical rescaling
⇠

p
LLHC/LHL�LHC ⇡ 0.2 using the largest so-far accumu-

lated luminosity among the analyses in Tab. I.
7The total number of degrees of freedom for the projection of ex-
perimental data to

p
s = 13 TeV and L = 3/ab is N = 30 due to

the fact that we consider only one projection for each observable
instead of several measurements.

8We checked that the correlations have only a small e↵ect on the
likelihood.
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sw, cw, tw are the sine, cosine and tangent of the Wein-
berg angle, respectively.

A non-vanishing K significantly alters the tight corre-
lation of the top partner mass and coupling modifications
of the top due to the mixing with heavy top partners. In
case K = 0, a small top partner mass has to be compen-
sated by a large mixing between top and top partners
in order to lift the mass of the elementary top to its
physically observed value. The mixing angle in turn de-
termines the electroweak coupling deviations of the top
quark in the mass eigenbasis. Hence, for K = 0 there
exists a strong correlation between top partner mass and
top coupling deviation. However, if K is allowed to take
values K 6= 0 this correlation is loosened which in par-
allel opens up momentum enhanced decays T ! ht [32].
In Sec. IV we study the dependence of the sensitivity on
the parameter K in indirect searches and use this infor-
mation to discuss the sensitivity gap with direct searches
in Sec. V.

In addition to the coupling modifications of the top-
associated currents, amplitudes receive corrections from
propagating top partners, for which we provide a short
EFT analysis in appendix A up to mass dimension eight.
In the mass basis these propagating degrees of freedom
generate “genuine” higher dimensional e↵ects and are
therefore suppressed compared to the dimension four top-
coupling modifications. Working with a concrete UV sce-
nario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.

III. ELECTROWEAK TOP PROPERTY
CONSTRAINTS

The weak couplings of the SM top and bottom quarks
are modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left and right-handed vectorial cou-
plings to the W and Z bosons which can be parametrised
as follows

L � t̄�µ
⇥
gt

L
PL + gt

R
PR

⇤
tZµ

+ b̄�µ
⇥
gb

L
PL + gb

R
PR

⇤
bZµ

+
�
b̄�µ [VLPL + VRPR] tW+

µ
+ h.c.

�
. (20)

The anomalous couplings of the top quark, i.e. the rela-
tive deviation with respect to the SM, are denoted by �

gt

L
= � g

2 cos ✓W

✓
1 � 4

3
sin2 ✓W

◆ h
1 + �t

Z,L

i
, (21)

gt

R
=

2g sin2 ✓W

3 cos ✓W

h
1 + �t

Z,R

i
, (22)

VL = � gp
2

h
1 + �W,L

i
, (23)

VR = � gp
2
�W,R , (24)

where g is the weak coupling constant associated with
the SU(2)L gauge group and ✓W is the Weinberg angle.
Note that �W,R is normalised to the left-handed SM cou-
pling of the top quark to the W boson. Technically, we
implement the anomalous couplings in terms of Wilson
coe�cients in an e↵ective Lagrangian of dimension six
operators. The relation between the � parameters and
the Wilson coe�cients in the Warsaw basis [66] is given
in appendix B . The parametrisation in terms of Wilson
coe�cients allows us to use an updated version of the
TopFitter frame work (which will be described in detail
elsewhere [67]) to obtain constraints on the anomalous
couplings of the top quark. The anomalous couplings of
bottom quarks to Z bosons are phenomenologically less
relevant by construction [9].

We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the
top quark. Specifically, we include in the fit 21 exper-
imental analyses [45–65], which are presented in Tab. I
and amount to a total of N = 54 degrees of freedom.

The likelihood provided by TopFitter is defined as

� 2 log L(�)

=
NX

i,j=1

�
Xexp

i
� Xth

i
(�)

�
(V �1)ij

�
Xexp

j
� Xth

j
(�)

�
,

(25)

where Xexp
i

is the experimental result for the observable
Xi and Xth

i
(�) is the theoretical prediction which de-

pends on the anomalous couplings �t

Z,L
, �t

Z,R
, �W,L and

�W,R collectively denoted by �. The inverse covariance
matrix is denoted by V �1 and takes into account bin-
to-bin correlations provided by the experimental collab-
orations. The theoretical uncertainties result from inde-
pendently varying renormalisation and factorization scale
µR, µF = {mt/2, mt, 2mt}4. Furthermore, we take un-
certainties on the parton distribution functions (PDF)
and the strong coupling constant ↵s into account and

4mt denotes the top quark mass and is set to mt = 172.5 GeV
in alignment with the value used in the experimental analyses in
Tab. I.

etc.

[Brown et al. `20]

strongly-interacting top flavour

[Azatov et al.`15]

[Sannino et al. `17]
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FIG. 5: (a) Di↵erential cross sections for background and signal of a representative parameter point with a top partner mass
of mT = 2700 GeV. (b) Significance S/

p
B for di↵erent coupling points at FCC 30/ab is displayed on the right. The dashed

red line indicates S/
p

B = 5, where discovery can be achieved. For comparison, we include points dominantly decaying to tH

to show where our tZ analysis is phenomenologically relevant.

are therefore rather straightforward to control in a data-
driven approach. There we show a mreco

T
histogram for a

representative signal point mT ' 2.7 TeV and the con-
tributing background. Such a data-driven strategy also
largely removes the influence of theoretical uncertainties
at large momentum transfers and is the typical method of
choice in actual experimental analyses already now, see
e.g. [89, 90] for recent work. After all analysis steps are
carried out we typically deal with a signal-to-background
ratio S/B ⇠ 0.1, which means that our sensitivity is
also not too limited by the background uncertainty that
would result from such a fit. Identifying a resonance,
we can evaluate the significance which is controlled by
S/

p
B. To set limits we assume a total integrated lu-

minosity of 30/ab for 100 TeV FCC-hh collisions. We
show sensitivity projections in Fig. 5(b). As can be seen
we have good discovery potential in tZ for parameter re-
gions up to mT ' 7.3 TeV, with the additional exclusion
potential ⇠ S/

p
S + B reaching to mT

<⇠ 10 TeV at 95%
CL. As alluded to before, the analysis outlined above is
particularly suited for parameter regions where there is
a significant top partner decay into Zt pair, i.e. regions
in parameter space where modifications are most pro-
nounced in the weak boson phenomenology rather than
in Higgs-associated channels.

While we have focused on one particular analysis to
contextualise the couplings scan of the previous sec-
tion with representative direct sensitivity at the high-
est energies, we note that other channels will be able
to add significant BSM discovery potential, see, e.g.
Refs. [110, 111]. This could include T ! ht which would
lead to b-rich final states and which would target partial
compositeness in the Higgs sector (see also [112, 113]).
Such an analysis provides an avenue to clarify the Higgs
sector’s role analogous to the weak boson phenomenology

studied in this work, albeit in phenomenologically more
complicated final states when turning away from indirect
Higgs precision analyses and tt̄h production. Further-
more searches for other exotic fermion resonances di↵er-
ent to the one we have focused on in this section, such
B and the 5/3-charged Q provide additional discriminat-
ing power (see [114, 115]) and would be key to pinning
down the parameter region of the model if a new physics
discovery consistent with partial compositeness is made.

Being able to finally compare the direct sensitivity es-
timates of Fig. 5 with Fig. 3 we see that indirect searches
for top compositeness as expressed through modifications
of the top’s SM electroweak couplings provide additional
information to resonance searches if uncertainties can be
brought under su�cient control. For instance, the po-
tential discovery of the top partner alone is insu�cient
to verify or falsify the model studied in this work. The
correlated information of top quark coupling deviations
is an additional crucial step in clarifying the underlying
UV theory.

Extrapolating the current sensitivity estimates of the
LHC alongside the uncertainties to the 3/ab phase, the
HL-LHC will however provide only limited insight from a
measurement of the top’s electroweak SM gauge interac-
tion deformations. This can nonetheless lead to an inter-
esting opportunity at the LHC: Given that the LHC will
obtain a significantly larger sensitivity via direct searches
[88, 114, 115], the potential discovery of a top partner at
the LHC would make a clear case for pushing the energy
frontier to explore the full composite spectrum and cor-
relate these findings with an enhanced sensitivity to top
coupling modifications.

8

FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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FIG. 4: Same as Fig. 2 but for a centre-of-mass energy of
p

s = 100 TeV and a luminosity of L = 30/ab. The value of
min |Kexcluded| for 99% reduction in systematic uncertainties and no theory uncertainty was multiplied by a factor of 10 to
increase visibility in the plot on the right-hand side.

‣ optimistic extrapolations 
provide indirect sensitivity up 
to about 5 TeV

‣ direct top partner searches in 
electroweak channels providing 
direct sensitivity up to 8 TeV

the future of strongly-interacting top flavour
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Figure 3.8. The ratio of uncertainties R�ci , defined in Eq. (3.2), for the neft = 45 coe�cients entering the linear EFT
fit, quantifying the impact of the HL-LHC projections when added on top of the SMEFiT3.0 baseline. We display
both the results of one-parameter fits and those of the marginalised analysis. The di↵erent color codes indicate the
relevant groups of SMEFT operators: two-light-two-heavy operators (orange), two-fermion operators (green), purely
bosonic operators (purple), and the four-lepton operator c`` (red). Note that here the baseline is a fit to pseudo-data
for the SMEFiT3.0 dataset generated assuming the SM, rather than the fit to real data, see also Table A.1.

results of [49, 121]. Their analysis includes dedicated HL-LHC observables which especially help for the

two-light-two-heavy operators, resulting in tighter bounds as compared to our fit by around a factor two

for some of these coe�cients.

Additionally, HL-LHC measurements can improve the bounds imposed by EWPOs along directions

that are a linear combination of individual coe�cients, as illustrated by the
⇣
c(3)'q , c(�)

'q

⌘
analysis of Fig. 3.10

where we show the impact of diboson production on the 95% CI intervals in the
⇣
c(3)'q , c(�)

'q

⌘
plane. We

compare the marginalized bounds from a global linear LEP-only fit with those resulting from combining

– 26 –
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p
Lref/L for extrapolations. Our implementation relies on Rivet [56, 57], which processes

events after showering with Pythia8 [58] before feeding them into the fit.

To avoid imposing any assumptions as to correlations — and remove the chance that

double-counting of events would artificially inflate sensitivity to EFT contributions — a

single distribution is used where bin-to-bin correlations are included, and a single bin is

used where they are not. The selection of the bin/distribution is made on a coe�cient-by-

coe�cient basis, with the input with maximum deviation from the SM at a fixed point on

that axis being selected. Where a normalised distribution is used we must drop a bin, as

otherwise the covariance matrix will be singular. The dropped bin is chosen such that we

obtain the most stable covariance matrix, with the bin with the largest uncertainty being

dropped if there are multiple bins leading to an equivalently well-conditioned covariance

matrix.2

In the following we will consider bounds for all relevant operators using the dimensionless

‘bar’ notation

C̄i = Ci
v2

⇤2
, (2.3)

with the electroweak expectation value v ' 246 GeV.

3 Graph representation of events

In order to use a GNN as a classifier, the events need to be embedded in a graph structure

with nodes, edges and features associated to observables of final states or reconstructed

objects. While various di↵erent approaches are possible to construct a graph from the

IR-safe, calibratable and detectable final states, we employ a physics-motivated strategy,

creating graphs similar to the tree of the chain of eq. (2.2). Concretely, we pre-process

the data samples and require at least two jets of transverse momentum pT (j) > 20 GeV

and pseudorapidity |⌘| < 5 that are not b-tagged. The event is vetoed if there are not at

least two b-jets and one lepton ` in the central part of the detector (|⌘(`)| < 2.5), where the

Edge Conv
(60)

Soft Max

Linear (40) + Relu

Edge Conv
(60)

MET

Figure 1. Representative diagram for the input graph and the network architecture used in this
paper.

2
For details on statistical inference we refer interested readers to Refs. [18, 19].

– 4 –

?

?

nodes with features

b-jets must also satisfy pT (b) > 20 GeV. Subsequently, we embed the passed events into

graphs using the following steps (see also fig. 1):

(i) Nodes: Firstly, the missing transverse momentum (MTM) is identified by balancing the

net visible momenta, �p(visible), neglecting the longitudinal components. A node is added

corresponding to MTM. Then, for each lepton, we attempt to reconstruct the W four-

momentum as a sum of the lepton’s four-momentum and the MTM. The invariant mass of

the W candidate is calculated and if it falls within [65, 95] GeV a node is added, labelled

W1, as well as one for the b-jet b1 that has the smallest separation �R =
p

�⌘2 + ��2

from W1. In the case where there are more lepton-MTM combinations with compatible

invariant mass, the one closest to the W boson mass is selected. The top from the leptonic

decay chain t1 is finally reconstructed from the four-momenta of `, b1 and MTM and

obtains its respective node. Following a similar procedure, we consider combinations of

jets to find a pair with dijet invariant mass 70 GeV  m(jj)  90 GeV. If a pair is found

we add nodes for the two jets j1, j2 and for the second boson W2, otherwise we only add

nodes for the two leading jets. From the remaining b-jets a node is added for the leading

one, b2, as well as for the second top t2 whose four-momentum is reconstructed using b2,

j1 and j2. We scan over the remaining particles and if any are within �R < 0.8 of any of

the identified or reconstructed objects we add a node that will be connected only to the

nearby object.

(ii) Edges: The connections between the nodes create the adjacency matrix of the graph and

the nodes of the final states are connected to the ones of the reconstructed objects from

which they are derived. We first connect the MTM and lepton to W1 and subsequently,

W1 and b1 are connected to the first top quark node. If a W1 was not created then the

aforementioned final states connect directly to t1.3 Similarly, for the other leg of the

decay chain, if W2 was successfully reconstructed, we join its node with the two jets used

to reconstruct it, and then W2 and and b2 are connected to the top node. The jets are

directly connected to the top if there is no node for W2. Any node originating from the

remaining final states is connected to the node of the object that satisfied �R < 0.8.

(iii) Node features: After constructing the node and edges, we associate each node with a

feature vector [pT , ⌘, �, E, m, PID], which represent transverse momentum, pseudorapidity,

azimuthal angle, energy, mass and particle identification number respectively.

3.1 Graph Neural Network with Edge Convolution

Convolution networks have seen a range of developments in the past few years. These

have created the capability to employ multi-scale localised spatial features. However,

Convolutional Neural Networks (CNNs) are limited to work on regular Euclidean-data like

images. Recent GNN developments have overcome this limitation through generalising

CNNs to operate on graph structured data, facilitating the exploration of non-Euclidean

domains of the data [59]. This was formalised as Message Passing Neural Networks (MPNNs)

3
We expect that this will lead to a further enhancement of sensitivity when the ⇤

�4
non-resonant

contributions are considered.

– 5 –

edges for feature correlation
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‣ many parameters…

‣ flavour-agnostic results:    
0.1-1/TeV2 sensitivity

‣ improvements towards 
HL-LHC possible via 
data

‣ …well underway2.3 fb�1 3 ab�1

Individual Profiled Individual Profiled

C̄G 0.07% 14.12% 0.07% 11.09%

C̄(3)33
'q 33.74% 34.19% 33.73% 33.48%

C̄33
uG 28.29% 32.18% 28.28% 30.74%

C̄33
uW 34.86% 35.35% 34.85% 35.53%

C̄(8)33ii
qd 4.71% 4.68% 4.71% 4.76%

C̄(1)i33i
qq 3.50% 3.45% 3.50% 4.73%

C̄(3)i33i
qq 4.35% 4.28% 4.35% 5.00%

C̄(3)ii33
qq 63.83% – 63.83% 71.91%

C̄(8)33ii
qu 3.45% 3.51% 3.45% 3.48%

C̄(8)ii33
qu 3.74% 3.72% 3.74% 3.77%

C̄(8)33ii
ud 4.62% 4.46% 4.62% 4.79%

C̄i33i
uu 3.38% 3.35% 3.38% 1.95%

C̄(3)ii33
lq – – 10.57% 35.52%

Table 3. Maximum improvements in 2� bounds via a cut on the ML score.

Starting from the baseline sensitivity as quoted in table 2 (see also section 2), we first

show how contributing operators are impacted by imposing ML score cuts in fig. 6. Sizeable

improvements can be obtained when the momentum enhancement is present (e.g. in case of

C̄33
uG). Similarly, the graph network performs well in discriminating the non-resonant top

decay contributions, e.g. in case C̄33
uW . Improvements ranging between 5% and 60% are

achievable in such instances (see table 3), depending on the operators under consideration,

however, always at stringent cuts on the ML score to achieve a generic BSM-sensitive

selection (before losing statistical control for score cuts approaching unity). Representative

operator improvements as a function of the ML score are given in fig. 7. Operators showing a

relatively small improvement are already under relatively good control via the inclusive rate

and the baseline selection, which establishes good sensitivity to such non-SM interactions.

In particular this holds for the C̄G direction (which can be constrained in more adapted

ways by exploiting multi-jet production [78, 79]).

Since individual constraints focus on one operator fixing the rest of the WCs to zero,

it is common practice to profile over the rest of the WCs by determining their value

such that the �2 function is minimised. In the scenario where the analysis is particularly

sensitive to the presence of any additional operator, a significant decrease in sensitivity will

arise. We calculate the improvement in the case of profiled WCs which, as shown in fig. 7,

– 13 –
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‣ top sector motivated to establish 
RGE-informed B/K analyses

3

Observable Experimental value

Br(B̄0 ! D+K�) (2.05± 0.08)⇥ 10�4

Br(B̄s ! D+
s ⇡

�) (2.98± 0.14)⇥ 10�3

Br(B̄0 ! D+K⇤�) (4.5± 0.7)⇥ 10�4

Br(B̄0 ! D⇤+K�) (2.16± 0.08)⇥ 10�4

Br(B̄s ! D⇤+
s ⇡�) (1.9+0.5

�0.4)⇥ 10�3

TABLE I. Experimental values for the non-leptonic B decays
used in our analysis, taken from the PDG [54].

perturbative kernels corresponding to the BSM contri-
butions have been determined up to NLO within QCDF;
we deploy these results for our analysis.

B-physics observables

Central to our study are the constructed observ-
ables [53]

R(⇤)
(s)L ⌘

�(B̄0
(s) ! D(⇤)+

(s) L�)

d�(B̄0
(s) ! D(⇤)+

(s) `�⌫̄`)/dq2 |q2=m
2
L

= 6⇡2
|Vuq|

2 f2
L

|a1(D
(⇤)+
(s) L�)|2 X(⇤)

(s)L .

(4)

This construction ensures that the Vcb dependence van-
ishes (which is helpful in light of ongoing tensions be-
tween inclusive and exclusive determinations, see the
PDG review [54, 55] for a summary), as well reducing
the form-factor dependence, since the XL factors are ra-
tios of the required form factors (the general definition
can be found in [56] for pseudoscalar and vector mesons
D(⇤)). Numerically we evaluate these form-factor ratios
using the software EOS [57], which enables us to incor-
porate state-of-the-art results while accounting for cor-
relations, which leads to low total uncertainties for the

di↵erent quantities X(⇤)
L

(following Ref. [56] we consider
XK⇤ = 1):

X⇡ = 1.0012000(1) , X(s)⇡ = 1.00111(8) ,

X⇤
K

= 0.944(5) , X⇤
(s)⇡ = 0.945(8) .

(5)

These precise results mean the ratios R(⇤)
(s)L show very

low sensitivity to hadronic uncertainties arising from the
form factors. Thus in view of the high precision of the
CKM elements Vuq, the leading uncertainties in the the-

oretical determination of R(⇤)
(s)L stem from the decay con-

stant fL and the renormalization scale uncertainty which

a↵ects a1(D
(⇤)+
(s) L�). We update the experimental val-

ues for the ratios in Eq. (4) relative to the numbers pre-
sented in [52], using the most recent measurements of
the corresponding numerators (shown in Tab. II). These
are estimated based on the branching fractions listed in

Channel Experiment SM Pull

RK B̄0 ! D+K� 0.058+0.004
�0.004 0.082+0.002

�0.001 ⇡ 5.6�

Rs⇡ B̄s ! D+
s ⇡

� 0.71± 0.06 1.06+0.04
�0.03 ⇡ 5�

RK⇤ B̄0 ! D+K⇤� 0.136± 0.023 0.14+0.01
�0.01 ⇡ 0.16�

R⇤
K B̄0 ! D⇤+K� 0.064± 0.003 0.076+0.002

�0.001 ⇡ 3.6�

R⇤
s⇡ B̄s ! D⇤+⇡� 0.52+0.18

�0.16 1.05+0.04
�0.03 ⇡ 3.1�

TABLE II. Observables used in our low energy B-physics
analysis, and the discrepancy between SM and experiment.

Tab. I, which are taken from the latest Particle Data
Group reference [54] and thus include new results from
Belle [58, 59] and LHCb [60]. Overall this leads to slightly
reduced experimental uncertainties compared to those
detailed in [52] and hence increases the tension with the
SM predictions.

B. Statistical Analysis

To characterize the phenomenological imprint of new
physics, we construct a �2 function

�2
non-leptonic =

X

j

�RT
· M · �R , (6)

where�R is a vector containing the di↵erence between
the theoretical and experimental values of the ratios ap-
pearing in Tab. II. The matrix M accounts for correla-
tions between the di↵erent observables. It is calculated
out of the experimental uncertainties and the inverse of
the covariance matrix containing a sampling of the di↵er-
ent theory computations per observable. In practice we
estimate our theoretical values using Monte-Carlo sam-
pling for each input using around 2000 evaluations per
NP space point.
When comparing the current status of SM theoretical

predictions for the annihilation-free non-leptonic decays
described above to the latest experimental data we obtain

�2
SM, non-leptonic = 65.5 . (7)

This shows a clear tension between the SM and current
experimental flavour results.

C. Additional flavour constraints

B meson lifetimes

Previous studies [61] have highlighted the critical role
that B-meson lifetime measurements can play in con-
straining four-quark operators involved in non-leptonic
decay calculations. The ratio ⌧(B+)/⌧(Bd) has been

[Atkinson et al. `24]

‣ LHC measurements largely quark 
flavour-blind (with exceptions)

‣ differential analyses to enhance 
tensions underway…

inclusive top pair production [ATLAS `23]

[Aebischer  et al.`18]
[van Dyk  et al.`21, `25]

Drell Yan [Grunwald, Hiller, Kröniger, Nollen `24, `25]
jets  [Bordone, Greljo, Marzocca `21]

bottom-up approaches: top vs bottom
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loopholes?
‣ right-handed down sector…

exotics programme), the Standard Model E↵ective Field Theory (SMEFT) [1] appears as

a motivated approach to compare exotics searches at the LHC with flavour observables.

Although many SMEFT interactions are well explored and constrained in the literature, a

notable exception is the operator containing only right-handed down-type quarks

Odd = (d̄iR�µdj
R
)(d̄kR�µdlR). (1.1)

Traditional tree-level SMEFT fits (e.g. [2–4]) do not constrain this operator at all, since it

does not contribute to electroweak, Higgs or top observables at leading order. Including

renormalisation-group evolution, Odd can run into electroweak precision and top observables,

but the resulting constraints remain weak, ⇤ ⇠ 0.1 – 0.4 TeV for the e↵ective NP scale [5, 6].

The only collider observables that the Odd operator enters at tree level are LHC dijet

distributions, but this operator has not as yet been individually constrained in dijet

fits [7, 8]. Furthermore, non-resonant analyses are challenging as they require a good

understanding of large QCD jet backgrounds, which heavily relies on data-driven methods

with fewer phenomenological handles than resonance production. Therefore, non-resonant

analyses typically exhibit a reduced future performance increase compared to resonance

searches.

Given the low indirect bounds on Odd, another angle of attack on these operators is to

study bounds on UV states which generate them at tree level. There are only two BSM

particles that match only onto Odd at tree level (and are therefore not better constrained

by other operator bounds), as defined by their charges:

�(3) ⇠ (3,1)2/3,

�(6) ⇠ (6̄,1)2/3,
(1.2)

under SU(3)C ⇥ SU(2)L ⇥ U(1)Y [9]. These are both scalar diquarks, labelled as ‘VII’ and

‘VIII’ in the notation of Ref. [10], or as !2 and ⌦2 in the notation of Ref. [9]. We will

focus on these scenarios in this work. The colour representations of the diquarks impose

di↵erent flavour structures on their couplings; the triplet diquark has a flavour-antisymmetric

coupling to quarks, while the sextet diquark has a flavour-symmetric coupling. This gives

the two states rather di↵erent flavour phenomenology and a↵ects how they can be produced

at colliders.

The LHC phenomenology of (one or both) down-type diquarks has been studied

previously in Refs [10–15], while Refs [10, 16, 17] study their flavour phenomenology.∗ Our

work seeks to add some important new aspects to this literature. Notably, LHC data and

searches have not yet been interpreted as limits on the down-type sextet diquark, since

previous collider phenomenology studies of this model all date from over a decade ago.†

Likewise, the e↵ects of the o↵-diagonal couplings of the sextet in flavour physics have not

∗Studies of diquarks with di↵erent quantum numbers, and hence inducing di↵erent four-quark operators,

have recently been undertaken in Refs [18, 19], with the aim of explaining anomalous results in flavour

physics.
†Exceptions are the studies of Refs [20–22], which focus on additional non-renormalisable interactions of

colour sextets, and hence do not directly apply to the minimal case considered here.

– 2 –
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the two states rather di↵erent flavour phenomenology and a↵ects how they can be produced

at colliders.

The LHC phenomenology of (one or both) down-type diquarks has been studied

previously in Refs [10–15], while Refs [10, 16, 17] study their flavour phenomenology.∗ Our

work seeks to add some important new aspects to this literature. Notably, LHC data and

searches have not yet been interpreted as limits on the down-type sextet diquark, since

previous collider phenomenology studies of this model all date from over a decade ago.†

Likewise, the e↵ects of the o↵-diagonal couplings of the sextet in flavour physics have not
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no top data sensitivity
no ELW data sensitivity

no Higgs data 
sensitivity

‣ is this relevant in the UV model landscape?
State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , OuH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

The Lagrangians for each diquark are

L(6) = �y(6)
ij

�(ab)
(6) dTa

RiCdbRj + h.c., (2.1)

L(3) = �y(3)
ij

�a

(3) ✏abc dTb

RiCdcRj + h.c., (2.2)

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling y(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
ik

)⇤ y(6)
jl

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
ik

)⇤ y(3)
jl

M2
�(3)

(triplet). (2.6)

– 4 –

 [de Blas et al. `18]

YES!
[Giudice, Gripaios, Sundrum `11]


…

 [CE, Mayer, Naskar, Renner `24]
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‣ right-handed down sector…

exotics programme), the Standard Model E↵ective Field Theory (SMEFT) [1] appears as

a motivated approach to compare exotics searches at the LHC with flavour observables.

Although many SMEFT interactions are well explored and constrained in the literature, a

notable exception is the operator containing only right-handed down-type quarks

Odd = (d̄iR�µdj
R
)(d̄kR�µdlR). (1.1)

Traditional tree-level SMEFT fits (e.g. [2–4]) do not constrain this operator at all, since it

does not contribute to electroweak, Higgs or top observables at leading order. Including

renormalisation-group evolution, Odd can run into electroweak precision and top observables,

but the resulting constraints remain weak, ⇤ ⇠ 0.1 – 0.4 TeV for the e↵ective NP scale [5, 6].

The only collider observables that the Odd operator enters at tree level are LHC dijet

distributions, but this operator has not as yet been individually constrained in dijet

fits [7, 8]. Furthermore, non-resonant analyses are challenging as they require a good

understanding of large QCD jet backgrounds, which heavily relies on data-driven methods

with fewer phenomenological handles than resonance production. Therefore, non-resonant

analyses typically exhibit a reduced future performance increase compared to resonance

searches.

Given the low indirect bounds on Odd, another angle of attack on these operators is to

study bounds on UV states which generate them at tree level. There are only two BSM

particles that match only onto Odd at tree level (and are therefore not better constrained

by other operator bounds), as defined by their charges:

�(3) ⇠ (3,1)2/3,

�(6) ⇠ (6̄,1)2/3,
(1.2)

under SU(3)C ⇥ SU(2)L ⇥ U(1)Y [9]. These are both scalar diquarks, labelled as ‘VII’ and

‘VIII’ in the notation of Ref. [10], or as !2 and ⌦2 in the notation of Ref. [9]. We will

focus on these scenarios in this work. The colour representations of the diquarks impose

di↵erent flavour structures on their couplings; the triplet diquark has a flavour-antisymmetric

coupling to quarks, while the sextet diquark has a flavour-symmetric coupling. This gives

the two states rather di↵erent flavour phenomenology and a↵ects how they can be produced

at colliders.

The LHC phenomenology of (one or both) down-type diquarks has been studied

previously in Refs [10–15], while Refs [10, 16, 17] study their flavour phenomenology.∗ Our

work seeks to add some important new aspects to this literature. Notably, LHC data and

searches have not yet been interpreted as limits on the down-type sextet diquark, since

previous collider phenomenology studies of this model all date from over a decade ago.†

Likewise, the e↵ects of the o↵-diagonal couplings of the sextet in flavour physics have not

∗Studies of diquarks with di↵erent quantum numbers, and hence inducing di↵erent four-quark operators,

have recently been undertaken in Refs [18, 19], with the aim of explaining anomalous results in flavour

physics.
†Exceptions are the studies of Refs [20–22], which focus on additional non-renormalisable interactions of

colour sextets, and hence do not directly apply to the minimal case considered here.
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‣ is this relevant in the UV model landscape?
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, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
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qu , OHD, OH2, OeH , OdH , OuH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

The Lagrangians for each diquark are

L(6) = �y(6)
ij

�(ab)
(6) dTa

RiCdbRj + h.c., (2.1)

L(3) = �y(3)
ij

�a

(3) ✏abc dTb

RiCdcRj + h.c., (2.2)

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling y(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
ik

)⇤ y(6)
jl

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
ik

)⇤ y(3)
jl

M2
�(3)

(triplet). (2.6)
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YES!

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These

are proportional to products of its diagonal couplings:

Cijij

dd
=

(y(6)
ii

)⇤ y(6)
jj

2M2
�(6)

(sextet). (2.7)

2.2 Example UV completion: Goldstone bosons arising from new strong

dynamics

Although our main focus is a general study of these diquark states, we take a detour here to

discuss an example UV completion and the coupling structure it could predict for the model.

Since they are scalar particles, a plausible UV origin of the diquarks is as pseudo-Goldstone

bosons within a composite Higgs theory. In this scenario, both the Higgs doublet and

a diquark are naturally lighter than other states in the theory since they both arise as

pseudo-Goldstone bosons of a spontaneously broken global symmetry G/H in a new strong

sector [24]. The paradigm of partial compositeness [25], which provides an explanation for

the Higgs Yukawa couplings, then implies a flavour structure on the diquark couplings to

the SM quarks.

The SM quantum numbers of the pseudo-Goldstone bosons depend on the coset of

the broken symmetry group, and how the SM gauge groups are embedded within it. To

build a coset that produces only the Higgs doublet and a diquark, we can start from the

minimal composite Higgs model (MCHM) [26], in which the Higgs doublet H arises from the

spontaneous breaking of SO(5) to SU(2)L ⇥ SU(2)R, with H transforming as a bidoublet

of the unbroken subgroup. We need to extend the coset space to also produce a diquark

and its antiquark. For the sextet, this can be done with Sp(6) broken to SU(3)c ⇥ U(1)s.§

The broken generators transform as 6̄�2 and 62 under the unbroken subgroup. Therefore,

the coset that can produce the sextet diquark and a Higgs doublet is:

Sp(6) ⇥ SO(5)

SU(3)c ⇥ U(1)s ⇥ SU(2)L ⇥ SU(2)R
. (2.8)

The hypercharge gauge group is embedded as TY = �1
3Ts + T3R + TX where Ts generates

U(1)s, T3R belongs to the SU(2)R algebra, and TX generates an additional U(1)X (un-

der which the diquark and Higgs are uncharged), required to reproduce the correct SM

hypercharge assignments. More details on the global symmetry breaking can be found in

App. A.

Instead, to generate the triplet diquark, the MCHM coset can be extended with SO(6)

breaking to SU(3)c ⇥ U(1)t. The broken generators then transform as 3̄�4 and 34 under

the unbroken subgroup. So the coset that can produce the triplet diquark and a Higgs

doublet is:
SO(6) ⇥ SO(5)

SU(3)c ⇥ U(1)t ⇥ SU(2)L ⇥ SU(2)R
. (2.9)

§We thank Joe Davighi for pointing us to the Sp(6) group for this.
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coloured exotica vs lepton-specific
‣ direct production at hadron colliders, degenerate exclusion projections
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(a) HL-LHC 14 TeV collisions.
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Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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HL-LHC FCC-hh

down-type sector
UV flavour

structures

State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].
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parameters. However, working in the SM mass basis, we can use the global baryon number
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sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.

– 20 –

down-type sector

19



coloured exotica vs lepton-specific
‣ direct production at hadron colliders, degenerate exclusion projections

4 5 6 7 8
M� [TeV]

10�4

10�3

10�2

10�1

�
(p

p
!

�
)
⇥

B
R

[p
b]

Expected 95% CL

±1� s.d.

±2� s.d.

�(6) (y(6)
ds = 0.5)

�(3) (y(3)
ds = 0.5)

(a) HL-LHC 14 TeV collisions.

20 25 30 35 40
M� [TeV]

10�5

10�4

10�3

10�2

�
(p

p
!

�
)⇥

B
R

[p
b]

Expected 95% CL

±1� s.d.

±2� s.d.

�(6) (y(6)
ds = 0.5)

�(3) (y(3)
ds = 0.5)

(b) FCC-hh 100 TeV collisions.

Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0
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y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1
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, y(3) =

0
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0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
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is an antisymmetric complex matrix

y(6) =
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. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives
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dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
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)⇤ y(3)
ik
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(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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(b) FCC-hh 100 TeV collisions.

Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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structures

State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge
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On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives
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Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =
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y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].
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On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number
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separately, the physical parameters are then the magnitudes of the matrix entries, and all
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2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)
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Figure 10. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings for the triplet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In each
case, all other couplings are set to zero.
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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‣  we have lots of puzzles but no substantiated answers
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‣  we have lots of puzzles but no substantiated answers (yet)


‣ …but data is coming — challenging our assumptions/methods/…


‣ combining the largest energy with the highest precision through 
theoretically robust methodology might hold answers to some Qs


‣ can expect good improvement towards HL-LHC


‣ FCC-ee prospects to go beyond the HL-LHC… (not discussed here)                    
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