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In our recent paper [1], we have investigated the potential for the LHC to discover vector-
like quark partner states singly produced via their chromomagnetic moment interactions.
These production mechanisms extend traditional searches which rely on pair-production of
top-quark partner states or on the single production of these states through electroweak
interactions, in the sense of providing greatly increased reach in parameter space regions
where traditional searches are insensitive. In this study we determine the potential of both
the 14 TeV high-luminosity LHC (HL-LHC) and a 100 TeV proton-proton collider to probe
new vector-like quarks produced in this mode. We focus on the single production of a
top-quark partner in association with an ordinary top-quark, as well as on the resonant
production of the bottom-quark partner with its subsequent decay to a top-quark partner
and a W boson. For both cases we consider a top-partner decay to the Higgs boson and an
ordinary top-quark. We find that HL-LHC and a future 100 TeV proton collider can probe
vector-like partner masses up to about 3 TeV and 15-20 TeV respectively, visibly extending

the range of the traditional vector like quark partner searches.



I. INTRODUCTION

Theories which provide a dynamical explanation for the large value of the mass of the top
quark mass often include TeV-scale vector-like top and bottom partners 7" and B that can lie in a
variety of representations of the electroweak group [2—(]. Consequently, these partner states have
been actively searched for at the LHC, with analyses dedicated both to their QCD-induced pair
production mechanism [7—19] and to their electroweak single production mode [10, 20-25]. Whereas
the former is motivated by large production cross sections, the latter offers search channels that
are relevant when the new quarks are heavy. Current corresponding limits lead to lower bounds
on the vector-like quark masses of about 1-1.5 TeV, the exact bounds depending on the assumed

vector-like quark decay mode.

Recently, we have estimated the potential of the LHC for an alternative search channel exploiting
the often neglected chromomagnetic interactions of the top partners [1]. We have showed that for
composite scales lying in the TeV-regime, seeking associated signals complements conventional
searches for vector-like-quark pair and single production (both for top and bottom partners). In
this study we extend our previous analysis to the case of a 100 TeV proton-proton collider (FCC-hh

or SppC), and present our findings together with results for the LHC.

We demonstrate that the analysis of the new production modes extend the reach of the LHC to
vector-like quarks at run III and after the LHC high-luminosity (HL-LHC) phase in interesting and
important regions of the model parameter space. In practice, we focus on an illustrative scenario
in which the top-partner subsequently decays to a Higgs boson and an ordinary top quark. We
find, for the HL-LHC and the FCC-hh/SppC, that top-partner masses ranging up to about 3 TeV
and 20 TeV could be reached respectively, which substantially improves the expectations for the
considered new states. It turns out that this is especially true in regions of parameter space that

are inaccessible by traditional searches.

In the next section we briefly describe the simplified-model we use for our investigation, and
describe the simulation chain used in our analysis. In Section II] we describe our results, which are
summarized in Figs. 2 and 3 for the HL-LHC and Figs. /| and 5 for FCC-hh/SppC. Finally, a brief

“Fxecutive Summary” is given in Section



II. MODEL AND SIMULATIONS

We consider a simple extension to the Standard Model (SM) with new composite (electroweak)

doublets and singlets of vector-like fields directly associated with the generation of the top-quark

mass
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These new gauge eigenstates couple to their elementary SM top-quark and bottom-quark counter-

parts gz, = (t9,62)T, t%, and the SM Higgs doublet ® via mass mixings
Linass = ~MqQY Q% — MpT{Th — (v (QF - ONTY + ArglQh + AptTE +He) . (22)

In this configuration, we assume that the Higgs field has a composite origin, so we neglect inter-
actions that allows it to directly couple to the elementary quarks (through Qp®‘tp operators for
instance).

The fields introduced above mix into mass eigenstates ¢, T1, T>, b and By, where ¢ and b stand for
the SM botton and top quarks. Moreover, partial compositeness generally predicts the generation

of dimension-five chromomagnetic interactions at the electroweak scale,
g JE—
Lchromo = Ks QLO'I”WG!WQR + H.c., (2.3)

where 0, = (Vv — Y w)/2, and Qp and Qp denote any of the considered left-handed and
right-handed new physics gauge eigenstates (Q = Q°, TO). The gluon field strength tensor reads
Guw = G;‘VT 'A, where the matrices T4 are the fundamental representation matrices of SU(3) (all
considered states being color triplets), and we have assumed that the compositeness scale A is the
same for all considered vector-like quarks, which is a natural simplifying assumption. As a result
of the mixing of the SM quarks with their composite partners, the Lagrangian (2.3) gives rise to
the “off-diagonal” chromomagnetic interactions involving a single third-generation SM quark and
a single vector-like quark,

Ly = %GW CiT1ro"tr+CoT110" tR+CsTopo" t+CaTor0" tr+CsB1ro" b +H.c.|, (2.4)

whose couplings C; are functions of the model parameters introduced in Eq.



These off-diagonal chromomagnetic interactions lead to new single vector-like quark production
channels, and open new opportunities for the exploration of vector-like quark physics at colliders,
beyond those already accessible and investigated today. The advantage of single production in
comparison to the QCD pair production mechanism is the smaller phase space suppression; the
advantage of the chromomagnetic-moment-induced single production process relative to electroweak
single production is its enhancement due to the strong coupling and a gluon density in the initial
state. Moreover, the chromomagnetic operator in Eq. (2.3) also modifies the “diagonal” gtt and
g1 Ty QCD interactions, and can thus be probed through tf and T;T; pair production [20].

The model described above is determined by five independent free mixing parameters and the
scale A. Once we account for the fact that the mass of the SM top quark is known, these parameters

can be determined after fixing the following five quantities,

A A M,
{GL = 7L €ER = ﬁ?v mry, Vﬁz ) A} ’ (25)
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where my, is the mass of the lightest top partner 77. We focus focus below on two distinct scenarios
with Mg/Mj =1 and 2, and discuss potential search strategies at the LHC and FCC-hh/SppC.
For all results displayed in this paper, we have used FEYNRULES to generate UFO model libraries
to be used within the MADGRAPH5_AMCQ@NLO package [27-30]. We then handled the generation
of hard-scattering events, that we match with parton showering and hadronisation as modelled by
PyTHIA 8 [31]. Detector simulation has been achieved through DELPHES 3 [32] using standard
detector parameterizations, and the anti-kr algorithm [33] as implemented in FASTJET [3] for

event reconstruction.

IIT. RESULTS

The chromomagnetic operators in Eq. (2.1) give rise to two novel vector-like quark single-
production mechanisms via the partonic processes bg — Bj (resonant production) and (¢q, gg) —
Tit (via s-channel gluon exchanges). We summarize the expected rates these production mecha-
nisms and compare them to the pair-production ones in Fig. 1, the rate being shown as a function
of the mass of the T} state mr,. The corresponding B; mass is shown on the upper axis in each fig-
ure. Note that the single production rates through the chromomagnetic operators can substantially

exceed the rates for pair-production at high veector-like quark mass.
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FIG. 1: Production cross sections for the processes pp — By (solid red), pp — Tit (dashed blue)
and pp — T1Ty (dotted green) at /s = 14 TeV (top row) and /s = 100 TeV (bottom row). The
first two processes occur through the chromomagnetic moment operators, whereas the last process
receives contributions from both pure QCD processes and the chromomagnetic moment operators.
We consider as a benchmark scenario a configuration in which e, = eg = 0.7, A =5 TeV for
Vs =14 TeV (A =30 TeV for /s = 100 TeV), and in which (a) Mg = Mj (left) or (b)

Mg = 2M 5 (right).
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In the case of Mg = My, the top and bottom partners 71 and B; have similar masses and By
single production is the dominant production channel. The corresponding cross section is a factor
of a few larger than that corresponding to the pp — Tt process, as shown in Fig. 1(a). While single
Bj production has been searched through the conventional decay channels at the LHC, By — tW
and By — gg [3D, 30], the sensitivity becomes much weaker for scenarios in which B; dominantly
decays into a Th'W system, a configuration that is realized when €, > eg. When Mg = 2M5,
the bottom partner B; is much heavier than the T state, so that the 2 — 1 process exhibits a
significant phase-space suppression; the dominant vector-like quark production mode then becomes

Tit associated production.

I11.1. Single Production of the B; Partner

In our previous study [!], we focused on the complementary search for the decay mode B; —
Ty W, the heavy top partner then undergoing a subsequent decay into a (boosted) top quark and a

(boosted) Higgs boson that itself decays into a pair of b-jets,
pp — By — TOW — (t )W with h—bb. (3.1)

The choice of T7 — th decay channel for our study is twofold. On one hand this decay channel is
either dominant or non-negligible in the whole parameter space [1]. On the other hand, such a final
state features a high b-jet multiplicity which together with the boosted heavy Higgs and top “jets”
can be used to efficiently suppress the SM background. In order to avoid dealing with the rejection
of the overwhelming QCD multi-jet background, we consider a signature in which the top quark
decays hadronically while the W boson originating from the initial B; decay decays leptonically.
In this case, the dominant contributions to the SM background originate from ¢t production (in
association with jets), which we will take into account to estimate the collider sensitivity to the
signal (3.1). Any other potential contribution to the background is neglected, and is thus assumed
to become negligbly small after the analysis selection.

The final-state boosted top quark and Higgs boson are reconstructed as R = 0.8 fat jets, that we
identify through their soft-drop mass Mgp and which we require to feature a substructure with one

and two R = 0.2 slim b-tagged jet, respectively. We optimize the significance by using a boosted



decision tree (BDT) [37], with the input variables given by

Pr(thad), PT(Wiep), pr(h), Pr(bhad)s pr(br1), p7(bn2), n(thad)s "(Wiep), nr(h),
AR(thadal/Vlep)y AR(thadah)a AR(VVlepah)) AR(thadabhad)a ° (32)

m(thada I/Vlep)> m(thada h), m(I/Vlepa h), m(thada VVlepa h)) St, ST,reco

This set of variable spans a variety of transverse momenta and pseudorapidities, angular distances

and invariant masses of various systems of reconstructed objets.

II1.2. Single Production of the 77 Partner

When the masses of the lighter 77 and heavier B states are quite split, vector-like quark
production proceeds dominantly through the associated production of a T; partner with a top
quark. We consider a T} decay into a boosted Higgs boson and a (boosted) top quark, and we then

focus again on a Higgs boson decaying into a bb system. The full process thus reads
pp— Tit — (th)t  with  h —bb. (3.3)

Once again, such a process features a high b-jet multiplicity, that we could use as a handle for
background rejection. In order to evade the overwhelming QCD multi-jet background, we consider
a signal topology in which the boosted top quark (i.e. the top quark that originates from the
top-partner decay) decays hadronically while the spectator top quark (i.e. the top quark that is
produced in association with the T; state) decays semi-leptonically. As in the case of the previous
signal, the dominant contributions to the SM background arise from ti+jets production, which
we consider as the sole background in our analysis. Any other potential background components
are indeed expected to be subleading after the selection cuts of our analysis, and are therefore
neglected.

The signal significance is optimized through a BDT, with the input variables including transverse

momenta, pseudorapidities, angular separations and invariant masses of the reconstructed objects,

! More details about event reconstruction and event selection can be found in [1].
2 Again, details can be found in [1].



p1(thad), Pr(tiep)s PT(h), pr(bhad), PT(biep), PT(bn1), PT(bh2),
N(thad), 1(tiep), nr(h),
AR(thad, tiep), AR(thad, h), AR(tiep, h), AR(thad, bhad),

L m(thada tlep)7 m(thada h)a m(tlep) h)) m(blep7 f’ V)) m(thadv tlep) h)) ST, ST,reco
IT1.3. Projected sensitivity at HL-LHC

To estimate quantitatively the sensitivity of the HL-LHC (and, as discussed in the next section,

the FCC-hh/SppC) to the two signals considered, we define their statistical significance Z [353, 39]

Z:\/2 ((S+B)lnS;B—S>, (3.5)

where S and B are the numbers of events for signal and background after all selection cuts re-

spectively. The selection includes a cut on the BDT scores, which has been chosen optimally.
Moreover, we require that at least 3 signal events survive the selection (i.e. S > 3). The resulting
two-dimensional 95% confidence level (C.L.) contours are presented in the (mg,, A) plane in Figs.
and 3 for various scenarios (the excluded regions are at the lower left in each diagram).

In Fig. 2, we choose that Mg = My whereas in Fig. 3, we have Mg = 2Mj5. The mixing
parameters are taken such that (a) € = e, = €r, (b) € = 2¢;, = €p, or (c) € = €, = 2¢g, and we
examine configurations in which the mixing is small (¢ = 0.7; green), moderate (¢ = 1.3; red) and
larger (e = 2; blue). The exclusions associated with the pp — Bj analysis (section ) are then
shown as solid lines, and those associated with the pp — T\t analysis (section ) are depicted
through dashed lines. In each figure, we additionally include an upper horizontal axis for each
studied € value, that we use to represent the corresponding B; mass values.

For Mg = My (Fig. 2), the largest obtained sensitivity for the parameter range studied in
terms of heavy quark masses corresponds to scenarios in which € = 0.7 and A = 4 TeV.” In these
cases, bottom-quark partners with masses ranging up to mp, € [3.2,3.6] TeV can be probed. Very

importantly, the existing searches are especially insensitive to scenarios in which € = ¢ = 2ep,

3 We do not explore values of A less than 4.0 TeV in order to maintain the reliability of the effective field theory

considered for the partner masses of interest.
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FIG. 2: HL-LHC sensitivity to the pp — By — T3 W (solid) and pp — Tit (dashed) signals, shown
as two-dimensional 95% C.L. exclusion contours in the (mq,, A) plane, with the excluded regions
being toward the lower left in each diagram. We study scenarios in which Mg = M and € = 0.7
(green), 1.3 (red), and 2 (blue), the mixing being defined as e = €, = €g (a), €e = 2¢;, = eg (b) and

€ = er, = 2epr (c). The corresponding Bj-quark masses mp, are shown at the top of the figures.

due to suppressed branching fractions of By — tW, gg. Our results show that there is actually
a quite promising LHC sensitivity to this configuration, allowing for discovery of both top- and
bottom-partners provided extra channels such as those proposed in the present study are added to
the LHC experimental program. Compositeness scales of A = 20 — 30 TeV can even be reached for

top-partner masses of about 1.5 TeV.

Once the spectrum becomes more split and the mp, mass is much larger than the mp, mass,
as shown in Fig. 3 where Mg = 2My, the direct production process pp — Bj is suppressed,
and the expected LHC reach for the models is therefore entirely dictated by the search for pp —
Tit. The largest obtained sensitivity in terms of heavy quark masses corresponds again to the
smallest A values considered (i.e. A = 4 TeV), top-quark partners with masses ranging up to
about [2.4,2.8] TeV being reachable regardless of the heavy quark mixing parameters. In this
configuration, existing searches have no sensitivity (regardless of the relative sizes of €7, and €r), so
that the analysis proposed in Section provides a novel (and unique, so far) promising avenue

to explore realistic composite models at the LHC.
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FIG. 3: Same as Fig. 2 but for Mg = 2M;.

IT1.4. Projected sensitivity at FCC-hh/SppC

In this section, we estimate the sensitivity to our signal at a 100 TeV FCC-hh/SppC collider,
with anticipated luminosity of L = 30 fb~!. We made use of the standard simulation chain described
above, with a slight modification of the DELPHES 3 configuration shipped with the program. We

used the default b-tagging efficiency formula

ey(pr) = €o(1 — %) (3.6)

with @ changed from 5 TeV (designed for the LHC) to 50 TeV to have a realistic setup for 100 TeV
collider. Moreover, we modified the event selection that can be found in [!] by requiring at least
one slim b-jet, instead of two, that is contained in the Higgs fat jet. This is motivated by much
higher boost featured by a Higgs boson (in comparison to the LHC) originating from a multi-TeV
top partner decay, which makes it difficult to resolve the two b-jets. These modifications essentially
improve efficiencies for the signal reconstruction and selection making them similar to those found
in the LHC studies. The results are displayed in Figs. 4 and 5 for the same scenarios as studied in
Section

We observe an important extension of the sensitivity as compared to the HL-LHC case, both in
terms of vector-like quark masses reachable and the composite scale. However, this enhancement

is smaller than what could be expected from a simple rescaling of the signal and background cross
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FIG. 4: HL-LHC sensitivity to the pp — B; — T1W (solid) and pp — Tit (dashed) signals, shown

as two-dimensional 95% C.L. exclusion contours in the (mqg, A) plane, with the excluded regions
being toward the lower left in each diagram. We study scenarios in which Mg = My and € = 0.7
(green), 1.3 (red), and 2 (blue), the mixing being defined as € = €1, = e (a), € = 2¢;, = €g (b) and

e =€, = 2¢eg (c). The corresponding Bj-quark masses mp, are shown at the top of the figures.
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FIG. 5: Same as Fig. 4 but for Mg = 2Mjy.

sections. This is due to the collimation of the decay products of the boosted heavy states, that

spoils naive linear scaling. For light top partners of a few TeV composite scales of 80-100 TeV can

then be reached, whereas the FCC-hh/SppC is sensitive to partners of about 10 TeV for lighter
compositeness scale of about 10 TeV.
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IV. EXECUTIVE SUMMARY

We studied the potential to extend searches for the vector-like partners of the third-generation
Standard Model quarks on the basis of their expected chromomagnetic interactions. We first
explored the region of the parameter space in which the bottom-quark partner is heavier than the
top-quark partner, in which case the top-partner can be primarily produced via the decay of the
bottom-partner. Next, we probed the potential of the production of a single top-quark partner in
association with an ordinary top-quark by gluon-fusion.

We examined the sensitivity of these modes in the case where the top-partner subsequently
decays to a Higgs boson and a SM top-quark, and demonstrated that these new channels have the
potential of extending and complementing the conventional strategies at LHC run III and at the
high-luminosity phase of the LHC. We found that partner masses that range up to about 3 TeV
and 15-20 TeV can be reached at the HL-LHC and the FCC-hh/SppC colliders respectively, and
that our analyses are correspondingly sensitive to composite scales of 30 TeV and 100 TeV for light
top partners of a few TeV. This substantially expands the expected mass reach for these new states,

including regions of parameter space that are inaccessible by traditional searches.
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