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ABSTRACT: If the recent indications of a possible state ® with mass ~ 750 GeV decaying
into two photons reported by ATLAS and CMS in LHC collisions at 13 TeV were to become
confirmed, the prospects for future collider physics at the LHC and beyond would be
affected radically, as we explore in this paper. Even minimal scenarios for the ® resonance
and its vy decays require additional particles with masses = %mg;. We consider here two
benchmark scenarios that exemplify the range of possibilities: one in which @ is a singlet
scalar or pseudoscalar boson whose production and v+ decays are due to loops of coloured
and charged fermions, and another benchmark scenario in which ® is a superposition of
(nearly) degenerate CP-even and CP-odd Higgs bosons in a (possibly supersymmetric)
two-Higgs doublet model also with additional fermions to account for the v+ decay rate.
We explore the implications of these benchmark scenarios for the production of & and
its new partners at colliders in future runs of the LHC and beyond, at higher-energy pp
colliders and at eTe™ and ~ colliders, with emphasis on the bosonic partners expected in

the doublet scenario and the fermionic partners expected in both scenarios.
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1 Introduction

The world of particle physics has been set alight by the reports from the ATLAS and CMS
Collaborations in LHC collisions at 13 TeV of hints of a possible state, that we denote ®,
with mass ~ 750 GeV decaying into two photons [1-4], echoing the discovery of the 125 GeV
Higgs boson [5, 6]. The product of the cross section and branching ratio for & — ~~ decay
hinted by the data is ~ 6fb, with the ATLAS data hinting that it may have a significant
total decay width. If these hints are confirmed, a changed and much brighter light will be
cast on the future of particle physics, because the putative ® particle must be accompanied
by additional massive particles.

The Landau-Yang theorem [7, 8] tells us that ® cannot have spin one, and spins zero
and two are the most plausible options. Since a graviton-like spin-2 particle would in prin-
ciple have similar decays into dileptons, dijets and dibosons that have not been observed



by the experiments [9-11], we focus here on the more likely possibility of spin zero. Gauge
invariance requires the ®v~ coupling to have dimension > 5, and hence be induced by

additional physics with a mass scale > mg. Historical precedent (7%, H — ~vv) [12-20]

and many models suggest that the &+ coupling is induced by anomalous loops of massive
charged fermions and/or bosons whose form factors vanish if their masses are much smaller
than Mg. In addition, the absence of a strong ® signal in LHC collisions at 8 TeV moti-
vates gluon-gluon fusion as the ® production mechanism, presumably mediated by massive
coloured fermions and/or bosons. The null results of LHC searches for coloured fermions
require them to have masses 2 Mg, whereas new uncoloured ones might weigh ~ %M@.

These arguments apply whatever the electroweak isospin assignment of the possible ®
particle. If it is a singlet, it need not be accompanied by any bosonic partner particles.
However, if it is a non-singlet, it must also be accompanied by bosonic isospin partners
that would be nearly degenerate with ® in many scenarios, since Mg is larger than the
electroweak scale. The minimal example of a non-singlet scenario for @ is an electroweak
doublet, as in a 2-Higgs-doublet model (2HDM), e.g., in the context of supersymmetry.

The necessary existence of such additional massive fermions and /or bosons would yield
exciting new perspectives for future high-energy collider physics, if the existence of the
® particle is confirmed. In the absence of such confirmation, some might consider the
exploration of these perspectives to be premature, but we consider a preliminary discussion
to be appropriate and interesting, in view of the active studies of the physics of the high-
luminosity LHC (HL-LHC) [21, 22], possible future ete™ colliders (ILC [23-26], CLIC [27],
FCC-ee [28], CEPC [29]) and their eventual vy options [30-37], and possible future higher-
energy proton-proton colliders (higher-energy LHC (HE-LHC) [38], SPPC [39] and FCC-
hh [40, 41].

In this paper we explore three aspects of the possible future pp and ete™ collider
physics of the & resonance and its putative partners. We consider single ¢ production,
production of the fermions that are postulated to mediate its v decays and its production
via gluon-gluon fusion, production of ® in association with fermionic mediators, and the
phenomenology of possible bosonic partners. For definiteness, we focus on two alterna-
tive benchmark scenarios that illustrate the range of different possibilities for the possible
® particle, in which it is either an isospin singlet state [42]' or an isospin doublet in a
2HDM [85].2 Both scenarios have rich fermionic phenomenology, and the doublet scenario
also has rich bosonic phenomenology.

Section 2 of this paper discusses the singlet benchmark scenario, paying particular
attention to its production at the LHC and possible future higher-energy pp colliders, as
well as in v fusion at a high-energy eTe™ collider. Section 3 of this paper discusses
the 2HDM benchmark scenario, in which the ® signal is a combination of scalar and
pseudoscalar Higgs bosons H, A, and discusses their single, pair and associated production
in pp, ete™ and ¥ collisions, with some comments on production in p*u~ collisions. The

I The following is a sampling of phenomenological analyses of singlet models that are similar in philosophy
to ours. See refs. [43-84].

2The following is a sampling of phenomenological analyses of two-Higgs doublet models that are similar
in philosophy to ours. See refs. [86-101].



capabilities of pp and ete™ colliders to observe directly the massive fermions postulated to
mediate ® production by gluon-gluon fusion and ® — v~ decay are discussed in section 4,
including the possibilities for pair and single production in association with Standard Model
fermions and vector bosons. Finally, section 5 summarizes our conclusions.

2 Singlet scenario

2.1 Singlet models of the & — ~~ signal

We consider in this section the minimal scenario in which the ® resonance is an isospin
singlet scalar state,® unaccompanied by bosonic isospin partners. As already mentioned,
the &y and ®gg couplings could be induced by new, massive particles that could be either
fermions or bosons, with spins 0 and 1 being possibilities for the latter. We concentrate
here on the fermionic option, since loops of scalar bosons make smaller contributions to the
anomalous loop amplitudes than do fermions of the same mass and, mindful of William of
Occam, we avoid enlarging the gauge group with new, massive gauge bosons. In view of
the stringent constraints on massive chiral fermions [102], we assume that the new fermions
are vector-like.

The couplings of a generic scalar .S and pseudoscalar P state to pairs of photons and
gluons are described via dimension-five operators in an effective field theory

&
LS = Scoy SEL M + Peg ) SG, G
v v

ch = Sep, PELF™ 4+ L0p PG, G (2.1)
v v

with F,, = (0,4, — 0,A,,) the field strength of the electromagnetic field, F,W = €upa FP
and likewise for the SU(3) gauge fields, where v ~ 246 GeV is the standard Higgs vacuum
expectation value. Within this effective theory, the partial widths of the ® = S/P particle
decays into two gluons and two photons are given by

8as - 5

(6
D(® = 77) = Cayy 5 Ma s T(® = g9) = Cagy—5 M (2:2)

If the gluonic decay is dominant, one would have the following branching ratio for the

photonic decay:

2
F((I) — ’7’7) ~ F(q) - ’YV) ~ c@vyi
[®—yy)+T(®—gg9) T(®— g9) cégg 8ag

BR(® — ) = , (2.3)

leading to BR(® — 77) & 1072 if cpyy & Cagg. In general, decays into WW, ZZ and Zv
final states also occur through similar effective couplings. Writing the Lagrangian (2.1) in
terms of the SU(2)r, x U(1)y fields Wu and B, rather than the electromagnetic field A,

3 As mentioned before, we ignore the unlikely possibility of spin-2. There are also possibilities to circum-
vent the Landau-Yan theorem for spin-one particles (see for instance with Z’ bosons refs. [103-105]) but
we will ignore them here.



one obtains for the coupling constants of the electroweak gauge bosons, where in the scalar

. _ _ 2 2 o 2p .
case we define the coefficients ¢y = copp and ¢y = CoT and sj; = 1 — ¢jy, = sin” Oyy:

2 2 2 2
Chryy = C1Cy + C2STy s Cozz = C18iy + CaCiy s Cazy = swew(ca — 1), coww = c2 , (2.4)

and in the pseudoscalar case we denote the corresponding coefficients by ¢; 2.
Turning to the new fermionic content and following ref. [42], we consider here four
models for the massive vector-like fermions:

Model 1: a single vector-like pair of charge 2/3 quarks, Tg 1.

e Model 2: a vector-like doublet of charge 2/3 and charge - 1/3 quarks, (U, D)g r.

Model 3: a vector-like generation of quarks, including charge 2/3 and -1/3 singlets,
(U7D)R,L7TR,L7 BR,L-

e Model 4: a vector-like generation of heavy fermions including leptons and quarks,
(U,.D)g,r,Tr,r, Br,L, (L', L*) ., ER,L-

For simplicity, we consider the case where the mixing between the ¢ state and the
Standard Model Higgs boson is negligible, and favour the possibility that mixing between
the new heavy fermions and their Standard Model counterparts is also small.

The left panel of figure 1 reproduces figure 1 of ref. [42], and shows the possible
strengths of the ®(750 GeV) signal found by the CMS collaboration in Run 1 at 8 TeV
(green dashed line) and at 13 TeV (blue dashed line), the ATLAS signal at 13 TeV (dashed
red line) and their combination (black solid line). The figure is made assuming a gluon
fusion production mechanism, gg — @, and formally, this combination yields o(pp —
® — vy) = 6 £ 2fb at 13TeV. The right panel of figure 1 is a simplified version of
figure 4 of ref. [42], and is obtained assuming that total width of the resonance is such that
['(®) ~ I'(® — gg). It shows that reproducing the ~ 6fb g9 — ® — 7 signal reported
by the ATLAS and CMS collaborations requires a relatively large value of the fermion-
antifermion-® coupling A. For simplicity, both the masses mp and the couplings A were
assumed in ref. [42] and here to be universal. If one requires \2/47% < 1 so as to remain
with a perturbative régime, corresponding to A/4m < 1/2, one finds no solutions in Model
1, whereas Model 2 would require mpr < 800 GeV even after allowing for the uncertainties.
On the other hand, Model 3 would be consistent with perturbativity for mp < 1.4 TeV
and Model 4 could accommodate mp < 3 TeV.4

As will be discussed in section 4, the LHC has good prospects to explore all the range
of the fermion masses mp allowed by perturbativity in Model 3, whereas a higher-energy
collider may be required to explore fully the range of mp allowed in Model 4.

“We do not discuss in this section the case where I'(®) ~ 45 GeV as hinted by ATLAS, which would
require non-perturbative values of A in all the models studied [42]. However, as discussed in section 3, this
value of I'(®) could be accommodated within two-doublet models.
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Figure 1. Left panel: a compilation of the possible strengths of the 750 GeV ® resonance signal
found by CMS in Run 1 at 8 TeV (green dashed line), CMS at 13 TeV (blue dashed line), ATLAS at
13 TeV (dashed red line) and their combination (black solid line) assuming a gg fusion production
mechanism. Right panel: values of the vector-like fermion mass mg and coupling A (both assumed
to be universal) required in singlet Models 1, 2, 3 and 4 to accommodate the possible gg — ® — vy
signal reported by CMS and ATLAS [1-4]. The black lines are for the central value of the cross
section, 6fb, and the coloured bands represent the 1-o uncertainties. Plots adapted from [42].

In the following we discuss the production of the ® resonance first at pp colliders,
focusing on the gluon fusion mechanism® gg — ®, and then at high energy electron-positron
colliders in both the eTe™ and vy modes.

2.2 & production in pp collisions

The dominant gluon-gluon fusion mechanism for ® production in these singlet models in
pp collisions has the following leading-order partonic subprocess cross section o(gg — @),
which is proportional to the ® — gg partial width:

2 1 2
oo+ ®) = g Cul@ g0 s O =T [ Tow( ). @9
where g(z) is the gluon distribution inside the proton at a suitable factorization scale pp.
Since we assume here that ® is an isospin singlet, production in association with a Standard
Model vector boson, W= or Z, is much smaller, and production in association with a &t
pair or a vector-like fermion pair is also relatively small (see section 2.4).

The gg — ® — ~7y production cross section times branching ratio at different pp centre-
of-mass energies can be obtained directly from the estimated rate 0 x BR >~ 6 + 2fb at a
centre-of-mass energy of 13 TeV, simply by rescaling the gluon-gluon luminosity function as
shown in figure 2. In this figure we use MSTW2008 NLO parton distributions with various
choices of the factorization scale [106]: the central value ur = Mg = 750 GeV (solid green
line) and the choices pp = 2Mg (red dotted line) and pp = Mg /2 (blue dotted line). We

5 Additional processes likes Higgs-strahlung ¢g — ®W, ®Z and vector boson fusion gq — ®qq can occur
but will have smaller cross sections and will be discussed only in the context of ete™ collisions.
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Figure 3. The real and imaginary parts of the form factors A‘li’/2 with fermion loops in the case of
CP-even H/S and CP-odd A/P states as functions of the variable 7p = M2 /4mZ..

with N, a color factor, ep the electric charge of the fermions F, and gerppr the Yukawa
coupling normalised to its Standard Model value, f}%\ﬁF = mp/v. The partial widths
are the same in the scalar and pseudoscalar cases, apart from the form factors ACII’/Q(TF)
that characterize the loop contributions of spin—% fermions as functions of the variable
T = Mg/ 4m%, which depend on the parity of the spin-zero state. They are given by

AP = 2lrp + (70 — D f (7)) 7372, (2.7)
AV = 2rp f(rr), (2.8)

for the scalar/CP-even (S/H) and pseudoscalar/CP-odd (P/A) cases, respectively, where

arcsin® VTF forrp <1,
2
f(re) = 1 L+/1—rzt (2.9)
~1 log ———— —im formp > 1.

1—y/1 -7t

The real and imaginary parts of the form factors for the different H/S and A/P CP cases
are shown in figure 3 as functions of the reduced variable 5.
When the fermion mass in the loop is much larger than the mass Mg, namely in the

limit mp — oo, one obtains AY,, =2 and AP, =2 for the real parts of the form factors,

/273 1/2
and in the opposite limit, mrp — 0, one has ACII)/2 — 0. For Mg < 2mp (77 < 1), so
that ® — FF decays are forbidden, the maximal values of the form factors are attained
when 7p = 1, i.e., just at the ® — EFF threshold. In this case, one has the real parts
Re(Af/Q) ~ 2 and Re(Af/Q) ~ $m? ~ 5, and Im(A‘ll’/Q) = 0. In the case of the top quark
contributions, when Mg = 750 GeV, one has 73 = 4, the form factors have both real and

imaginary parts, and |Af/2/A*19/2|2 ~ 2.



Model | Muwes | T | T | T | T
1 all > mg 180 1.2 0.090 0
2 all > mg 460 10 9.1 61
3 all > mg 460 1.1 2.8 15
all > mg 180 0.46 2.1 11
4 S: myp, = 400 GeV 140 0.10 1.4 6.6
P: m; = 400 GeV 110 0.12 1.5 6.9

Table 1. Ratios of ® decay rates for the singlet models under consideration, where we have used
as(mx) ~ 0.092. Extended version of table 6 in ref. [42].

We have included in table 1 predictions in Model 4 for the ratios of scalar and pseu-
doscalar diboson decay rates if my = 400 GeV and the vector-like quark masses are much
larger than Mg. We see that in both these low-lepton-mass cases, the v+ decay rate is
enhanced relative to all the other diboson decay rates, as compared with the case where
the vector-like quark and lepton masses are the same.

2.3 & production in ~+ collisions

Since this state has been observed in the diphoton channel at the LHC at 13TeV, it is
natural to discuss ® production via v collisions.” Many aspects of a possible 4y collider

associated with a parent linear eTe™ collider have been discussed quite extensively, see,
e.g., ref. [31-37], starting from the original idea [30]. A ~~ collider can be constructed

using Compton back-scattering from a laser beam via the processes [30, 110]

e_()‘e—) 'Y()‘h) —e /7()‘1)7 €+()‘e+) V(Alz) — et ’7()‘2)7 (2'10)

The back-scattered laser photons then carry a large fraction of the parent e™ /e~ energy.

Their energy spectrum and polarization depend on the helicities of the lasers A, A, and

of the leptons A+, A.—, as well as on the laser energy. The virtue of such a collider is

that it provides a direct and accurate probe of the v coupling of a diphoton resonance.

Moreover, it offers an unique opportunity to study the CP properties of such resonances.
For the production cross section, one has in general

O’()\e+, )\e— s )\ll, )\12, Eb) = / d$1d$2L77()\e+, )\6— s )\11 y )\lQ, T, ZL‘Q) 5‘()\1, )\2, 2Eb\/.1‘11‘2),
(2.11)
where Ly~ (Aet+, Ae—; A1y, Ay, 1, 72) is the luminosity function for polarizations Aq(A.—, Ay,
x1) and Aa(Ae+, Ay, x2) of the colliding photons. (A1, A2, 2Ey,/T122) is the cross section
for the process under consideration, vy — ® — X in this case. The invariant mass of the
two-photon system is given by W = /5 = 2Ey./r172, where x1, 22 are the fractions of
the beam energy FEj carried by the two back-scattered photons. The cross section for ®

"For a previous study of ® phenomenology in vy collisions see ref. [109].
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Figure 4. Cross section for producing a singlet ® boson with mass 750 GeV via v~ fusion at an
ete™ collider as a function of the ete™ centre-of-mass energy in the range from /s = 0.8 TeV to
3TeV. The & — ~v partial width is assumed to be 1 MeV as can be inferred from o(gg — ®) ~ 6{b
at /s = 13 TeV when the decay ® — gg is dominant.

production via -+ fusion is given by

L@ — )P — X)
ST

&(VV, )\1,)\2):871' (1+)\1)\2), (2.12)

where W is the centre-of-mass energy of the vy system. The factor of (1 + A\jA2) projects
out the Jz = 0 component of the cross section, thereby maximizing the scalar resonance
contribution relative to the continuum backgrounds.

We recall that in this singlet ® resonance scenario, the total ® decay width may be
dominated by ® — gg, in which case it would be much narrower than the experimental
resolution in any measurable final state [42]. Accordingly, in this subsection we treat @
in the narrow-width approximation. The value of I'(® — ) may be calculated directly
from the cross section for gg — ® — vy inferred from the LHC measurements, if ® — gg
is indeed the dominant decay mode as would be the case if mixing between the heavy
and Standard Model fermions is negligible as we assume. In this case, o(pp — ¢ —
vy) « I'(® — ~v) and the value o(pp — ® — 7v) ~ 6fb indicated by the ATLAS
and CMS collaborations would correspond to I'(® — 7v) ~ 1MeV. We note that this
should be regarded as a lower limit on I'(® — ~7), which would be enhanced by a factor
['(® — all)/T(® — gg) if  — gg is not the dominant decay mode.

The value of I'(® — 77) inferred from the LHC data motivates the option of a v
collider discussed above. In the narrow-width approximation and assuming that ® — gg
dominates I'p we obtain for the gg final state the following expression for &(v/3), where
§ = x1195 with /s the centre-of-mass energy of the e™e™ machine

8 2
5(V3) = Mi(br(@ s y)S(M2 — sz1a9)(1 + Aha) (2.13)



The dependence of the energies and the polarizations of the back-scattered photons, i.e.,
(Epr1, A1) and (Epz2, \2), on the electron and positron beam energy Ej as well as on the
frequency and the polarization of the laser, has been computed in ref. [30]. The results are
that the spectrum peaks in the region of high photon energy for A.\; = —1. If further one
chooses the laser energy wy such that & = 4E, wy/m? = 4.8, the two-photon luminosity is
peaked at z = 0.5 x W/E}, = 0.8. The mean helicity of the back-scattered photons depends
on their energy. For the choice A,\; = —1 and x = 4.8, in the region of high energy for
the back-scattered photon where the spectrum is peaked, the back-scattered photon also
carries the polarisation of the parent electron/positron beam. Thus, choosing A.- = A\ +
ensures that the dominant photon helicities are the same, which in turn maximizes the Higgs
signal relative to the QED background, leading to a luminosity Ly = Ly~ (Ae—, 21, 22). The
relevant expressions used for L.~ (.-, 21, 22) as well as those for Ai(Ae—,x1), Aa(Ae+, 22)
are taken from ref. [30], as presented in ref. [110].

The total cross section for vy — ® — gg, where we write down explicitly the expression
for L.~ for the above choices of helicities, is then given by

M
87'('2 7

= s L(® — v7) /x;n xllf(:cl)f(Mé/S/yl)(1+)\1(:c1,)\6_))\2(1:2,)\e+)), (2.14)

where f(x;) denotes the probability that the backscattered photon carries a fraction z; of
the beam energy for the chosen laser and lepton helicities, with

m:%‘%(1+$0) M __

x A
! s z. 1 14+ 2,

with z, = 4.8. (2.15)

Because of this cutoff on the fraction of the energy of the e~ /e™ beam carried by the
photon, one needs a minimum energy Ej, = 453 GeV to produce the 750 GeV resonance.

Our results for the cross section for ® production via y7 collisions at different ete™
collision centre-of-mass energies are presented in figure 4. The above-mentioned choices
of laser energy and the helicities of e~,e™ as well as those of the lasers lq,ls, are used
in our numerical calculations, ensuring that the Jz = 0 contribution is dominant for the
production of the scalar resonance. Our results include thus the folding of the expected
helicities of the backscattered photons with the cross section. We see that the ® production
cross section is maximized for an eTe™ centre-of-mass energy ~ 950 GeV.

2.4 @ production in eTe™ collisions

As the & state has the loop-induced couplings to electroweak gauge bosons given in
egs. (2.1) and (2.4), it can be produced in the same processes as the Standard Model-like
Higgs boson, namely the WW and ZZ fusion processes eTe™ — ®viv and ete™ — Pete™
and the Higgsstrahlung process ee~™ — ®Z. We also consider the companion process
ete™ — ®~, which occurs via the &y and ®Z~ couplings that are generated through the

,10,



same loops as the ®ZZ coupling. The couplings used in the discussion are®
SVH(p1)V¥(p2) = e/ (vsw)(p1 - p2g"” — PiDs)cavy
PVH(p1)V"(p2) + e/ (vsw) (i€uwpo D3 ) Cavy (2.16)

Neglecting the small standard-like contribution,” the total cross section reads [114]

2
olete” = Z0) = 2ma 2 [(1 + éi) (D2 4+ D2) + éA

~2(D? + D? 2.17
S Z( ++ —) ) ( )

with z = M % /s, and A/2 the usual two-particle phase-space function defined by AY/?2 =
\/(1 — M2/s— M%/s)?2 —AM2 M2 /s> — 1— M2 /s in the limit My < /s. The scalar con-

tributions D4 are given in terms of the scalar coefficients ¢; and c¢o and reduced propagator,
P;=1/(1-2) by

Dy = ea(1 = Pz) —er(1+ Pzsiy /eiy)
D_ = o[l + Pz(1 —2s%,)/(25%)] — c1[1 + Pz(1 — 2¢%,)/(2¢%,)] (2.18)

and the pseudoscalar contributions Dy are given by similar expressions in terms of the
corresponding pseudoscalar coefficients ¢; and ¢s.

The process e™e™ — ®v proceeds through the s-channel exchange of the Z boson and
the photon via, respectively, the ®Z~ and ®vv induced couplings. Neglecting the small
Standard Model-like loop-induced contribution [115-118], the cross section is given by [114]

7['(12 )\3/2

U(€+6_ — CI)’Y) = 99 9 (Dl + Dl) + (D2 -+ DQ) + (D3 + Dg) s (219)
3 Mzcyysiy

with

Dy = 325t + Py(1 — 4s%)s%, + P2(1/4 — s34, + 2s3y/)]
Dy = c32cly — Pz(1 — 4s3y)cy + P2(1/4 — sy + 2s8)]
D3 = cieofdsiycly + Pz(1 — 4s3,)(1 — 2s%,) — 2P2(1/4 — s34+ 2s3)],  (2.20)

and similarly for the CP-odd D; contributions. One should note that in the CP-odd
case both the efe™ — Z® and ete” — ~® cross sections behave like o o« A3/2 near
the kinematical threshold, and hence are strongly suppressed there, and have an angular
distribution that follow the 1 4 cos?# law.!? These features also hold for a CP-even state
in the cases of both the ete™ — ®v process eq. (2.19) and also in the eTe™ — ®Z process
at high enough energies when My < /s.

8In principle, the ®VV* induced couplings should be damped by the virtuality of the off-shell gauge
bosons, in much the same way as in pion scattering where the quadratic pion scalar radius plays an important
role; see for instance ref. [111-113]. Nevertheless, in the approximation that we are using in our exploratory
work, we ignore these corrections and consider only the “point-like” coupling below.

9The full differential cross section including a Standard Model-like contribution as well as the new
contributions and their possible interferences can be found in ref. [114].

19See for instance ref. [119].
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Figure 5. Cross sections in eTe™ collisions for producing a singlet scalar or pseudoscalar state
with Mg = 750 GeV state as functions of the energy /s, for induced couplings to electroweak
gauge bosons, ¢; = ¢p = 0.02 = ¢; = &. Left panel: Higgsstrahlung ete™ — ®Z and associated
production with a photon ete™ — ®v. Right panel: the WW fusion ete™ — ®vv and ZZ fusion
ete™ — ®eTe™ processes.

The production cross sections for the two processes ete™ — Z® and ete™ — v® are
shown in the left panel of figure 5 as functions of the centre-of-mass energy, where loop-
induced couplings ¢; = ¢o = 0.02 = ¢; = ¢ have been assumed in both the scalar and
pseudoscalar cases (these values yield a partial decay width I'(® — ) ~ a few MeV). As
can be seen, for such couplings, the cross sections are small but not negligible. They are
approximately (exactly) the same for the CP-even and CP-odd scalar particles sufficiently
above the Mg+ Mz threshold (for any Mg) in the Z® (y®) case and, for the chosen ¢; 2, ¢1 2
values, they are a factor of four larger in eTe™ — ®v than in the eTe™ — Z® processes.
The most important message of the figure is that, contrary to the ete™ — ZH cross
section with standard-like Higgs couplings which drops like 1/s, the cross sections with the
anomalous induced couplings increase with energy (at least at the level of approximation
used here; see e.g. ref. [111-113]). Hence, the highest energies are favored and rates at the
1fb level can be generated in the chosen example for couplings.

The other processes for the production of a scalar or a pseudoscalar resonance in
ete™ collisions are due to vector boson fusion, ete™ — V*V*f — ®¢¢, which leads to
the ®vv and Pete™ final states in the WW and ZZ fusion modes, respectively. In
the Standard Model, the spin-summed and -averaged amplitude squared of the e™ (k1) +
et (ko) — v(p1) + v(p2) + ®(p3) process for WIW fusion is given by [120]

4303 1

| M2y = o0[4Mi ugts] with ag = ’
sty My, (t1 — Miy)? (ug — M,)?

(2.21)

where the variables are defined as s = (k1 + k2)2,8' = (p1 + p2)%,t1 = (k1 — p1)%,u1 =
(k1 — p2)?,ta = (k2 — p1)? and ug = (ko — p2)?. In the case of the scalar resonances S and
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P the amplitudes-squared would become [120]

\M\% = aoggww [tlug(u% + t% +tyug — 2s8") + (88’ — tgul)Q] ,
|./\/l|%> = Uog%WW [t1u2(u% + t% — tiug + 258’) — (ss' — tgul)z] . (2.22)

A similar expression can be obtained for the ZZ fusion process ete™ — Pete™ and for
equal o727 = gwwae induced couplings, but the cross section is about a factor of ten smaller
compared to o(ete™ — ®vi), as a result of the smaller Zete™ couplings compared to the
Wev couplings. We have calculated the cross section for the WW and ZZ fusion processes
using the calculations that were developed to study vector boson fusion for anomalous
vertices at the ete™ colliders [121, 122] and the LHC [123, 124]. The cross sections are
shown in figure 5 (right) as a function of /s again for co = ¢; = 0.02. Here again they are
the same for CP-even and CP-odd particles. The WW fusion cross section is comparable
to that of ete™ — Z® and that of ZZ an order of magnitude smaller. Hence, even if
the couplings of the ® resonances to vvy,vZ4,ZZ and WW states are loop-induced, the
production rates are not negligible at high-energy and high-luminosity e*e™ colliders.

3 Benchmark two-Higgs-doublet models

3.1 Properties of the scalar resonances
3.1.1 Review of models and couplings

In this section, we discuss a second possibility [85]: namely that the observed scalar ®
resonance is the heavier CP-even H state and/or the CP-odd A state of a two Higgs doublet
model (2HDM)'! as realised, for instance, in the Minimal Supersymmetric extension of the
Standard Model (MSSM) [126, 127]. We start by reviewing the CP-conserving 2HDM and,
more precisely, a special MSSM scenario called the hMSSM [128-131], which will be the
basic framework for our second benchmark scenario for the ® resonance.

The scalar potential of this model, in terms of the two Higgs doublet fields ®; and o,
is described by three mass parameters and five quartic couplings and is given by [125]

V = m01®, + m3old, — mA (@@, + 0L ) + I (@]@))2 + I (0la,)?
T
5®1)%].

+A3(0]0))(@5D,) + \a(@] @) (@TD)) + Ias[(@]D,)% + (@ (3.1)

The model contains two CP-even neutral Higgs bosons h and H, a CP-odd neutral boson
A and two charged HT bosons, whose masses Mj,, My, M4 and M+ are free parameters.
We assume that the lighter CP-even h boson is the light Higgs state with a mass of M), =
125 GeV that was discovered at the LHC in 2012 [5, 6]. Three other parameters characterize
the model: the mixing angle 8 with tan 8 = wvy/v1, where v; and ve are the vacuum
expectation values of the neutral components of the fields ®; and ®o, with \/vf +0v3 =
v = 246 GeV, the angle « that diagonalises the mass matrix of the two CP-even h and H
bosons, and another mass parameter mo that enters only in the quartic couplings among
the Higgs bosons, which is not relevant for our analysis.

"For a review on 2HDMs see ref. [125].
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o Jouu Jadd Jovy

Type I Type 11 Type I Type 11 Type I/11
h cosa/sinf | cosa/sinf | cosa/sinf | —sina/cosf | sin(f — «)
H sina/sinf | sina/sinf | sina/sinf cos a/ cos 3 cos(f — a)
A cot 3 cot 3 cot 3 tan 3 0

Table 2. The couplings of the h, H, A states to fermions and gauge bosons in Type-I and -IT
2HDMs relative to standard Higgs couplings; the H* couplings to fermions follow those of A.

In this parametrisation, the neutral CP-even h and H bosons share the coupling of
the Standard Model Higgs particle to the massive gauge bosons V = W, Z and one has, at
tree level, the following couplings normalised relative to those of the standard Higgs

gnyy =sin(f —a), guvyv =cos(f —a), (3.2)

while, as a consequence of CP invariance, the CP-odd A does not couple to vector bosons,
gavy = 0. There are also couplings between two Higgs and a vector boson which, up to a
normalization factor, are complementary to the ones above. For instance, one has

Ghaz = Gpurw =cos(f — ), guaz = gup+w =sin(f — ). (3.3)

For completeness, additional couplings of the charged Higgs boson will be needed in our
discussion: they do not depend on any extra parameter and one has, for instance, g4+ =
1 and gp+ -z = —ecos 20y /(sin Oy cos Oy ).

The interactions of the Higgs states with fermions are more model-dependent, and there
are two major options that are discussed in the literature; see again ref. [125]. In Type-II
2HDMs, the field 1 generates the masses of down-type quarks and charged leptons, while
®, generates the masses of up-type quarks, whereas in Type-1 2HDMs the field ®5 couples
to both up- and down-type fermions. The couplings of the neutral Higgs bosons to gauge
bosons and fermions in the two models are summarized in table 2. (The couplings of the
charged Higgs to fermions follow those of the CP-odd Higgs state.)

We see that the Higgs couplings to fermions and gauge bosons depend only on the
ratio tan 8 and on the difference § — a. However, one needs to take into account the
fact that the couplings of the light h boson have been measured at the LHC and found
to be Standard Model-like [132]. With this in mind, we set 3 — a = 7§, which is called
the alignment limit [133]. In this limit, the h couplings to fermions and vector bosons are
automatically standard-like, gnyvv = Ghuu = Ghda — 1, while the couplings of the CP-even
H state reduce exactly to those of the pseudoscalar A boson. In particular, there is no H
coupling to vector bosons, gy — gayy = 0, and the couplings to up-type fermions are
Jruw = cot 8, while those to down-type fermions are gg4q = cot 8 and grygqq = tan S in
Type-I and -IT models, respectively.

Finally, there are also some triple couplings among the Higgs bosons that depend in
addition on the parameter mi2. However, in the alignment limit 8 — a = § the most
important ones involving the lighter A boson are simply Xhhh ~ 1 and \ Hhh =~ 0.
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In addition to tan 3, the other 2HDM parameters are the three Higgs masses My, M4
and M+, which are in principle free. In our scenario we assume that the possible ®
resonance is a superposition of the H and A states and set My ~ M4 ~ 750 GeV. This
assumption has several motivations. First, it is a property of the MSSM in the decoupling
limit [134] as will be seen shortly. Then, there is only one hint of a peak at the LHC (not
two) and having two degenerate states enhances the signal (which is a necessity in the
2HDM). Finally, a small breaking of the mass degeneracy would yield a larger signal width
(as may be favoured by the ATLAS data), as will be seen later.

The charged Higgs boson mass and tan 8 will thus be the only free parameters, and
in most of our discussion we assume Mpy+ to be comparable to the H/A masses: My =~
My ~ My, as happens in the MSSM scenario in the decoupling limit M4 > My [134].

Indeed, the MSSM is essentially a 2HDM of Type II in which supersymmetry imposes
strong constraints on the Higgs sector so that only two parameters, generally taken to
be M4 and tan 3, are independent. This remains true also when the important radiative
corrections that introduce dependences on many other supersymmetric model parame-
ters [135-137] are incorporated. These corrections shift the value of the lightest h boson
mass from the tree-level value, predicted to be M), < Myz|cos25| < My, to the value
M, = 125GeV that has been measured experimentally [132]. Assuming a very heavy
supersymmetric particle spectrum, as indicated by LHC data [102], and fixing these radia-
tive corrections in terms of M}, one can write the parameters My, My« and « in terms of
M4, tan 3 and M), in the simple form (writing cg = cos 3 etc..)

My — (M3+ MG —Mp) (M + M3 s3)-MAME Sy My>>My
M%C%‘FM%S%*M}%

(M2+M%)cpss ) Ma>Mz g 1

o = — arctan 5 4 >
<Mzcﬁ+MAs/3_Mh

This is the so-called hMSSM approach [128-131], which has been shown to provide a
very good approximation to the MSSM Higgs sector [138].

When M4 > Mz, one is in the so-called decoupling régime, where one has o ~ 8 — 5
implying that the light h state has almost exactly the standard Higgs couplings, gryyv =
gnfr = 1. The other CP-even boson H and the charged bosons H * become heavy and
degenerate in mass with the A state, My ~ Mpy+ ~ M, and decouple from the massive
gauge bosons. The strengths of the couplings of the H and A states are the same. Thus, in
this régime the MSSM Higgs sector looks almost exactly like that of the 2HDM of Type-
IT in the alignment limit, especially if we use the additional assumption My+ = M4 on
the Higgs masses that simplifies further the model. Hence, our discussion below covers
two scenarios: the 2HDM in the alignment limit and the MSSM in the decoupling limit,
augmented by extra vector-like fermions as we discuss in the next subsection.

3.1.2 Boosting the ® = H/A production rates at the LHC

Loops of the top quark (and lighter standard fermions) are, by themselves, insufficient to
explain the magnitude of the ® = H, A — v signal hinted by the LHC experiments. How
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large is the contribution from heavy vector-like fermions'? that we need to enhance the
['(® — ~v) rate to fit the estimated LHC cross section at 13TeV, o(® — ) ~ 6fb?
For My = My = 750GeV and tan 8 = 1, one has in principle branching ratios of the
order of BR(A — vy) = 7 x 107% and BR(H — ~7) ~ 6 x 107% for the A and H
resonances and total decay widths I't, ~ I'(® — tf) ~ 32 GeV for the H and ~ 35 GeV
for the A boson'? which, as discussed previously, are consistent with the total width of
~ 45GeV favoured by the ATLAS Collaboration.!* At /s = 13TeV, the cross sections
in the dominant gg — ® processes are o(g9 — H) ~ 0.6 pb and o(99 — A) ~ 1.3 pb for
the chosen Mg and tan 8 values. This leads to the following cross section times branching
fraction when the two states are added (the numbers are for the hMSSM), > "¢_ 5 4 0(99 —
®) x BR(® — 7v) ~ 1.2 x 1072 fb. This is to be compared with the reported cross section
o(gg — ®) x BR(® — vy) =~ 6 fb. We conclude that an enhancement factor K giﬁy of
about 500 is required when the rates for the two resonances H and A are added in order
to accommodate the observations.

Such an enhancement can be obtained by including singly- or doubly-charged vector-
like leptons in the ®vv loop vertices and/or also some vector-like quarks in both the ®v~
and ®gg loops. The contributions of some representative scenarios with vector-like fermions
are illustrated in figure 6 (left), where the boost factors Kggx~, obtained as functions of
the charged fermion mass (assumed, for simplicity, to be universal) can be compared with
the factor ~ 500 that is needed to reach the hinted gg— ® — ~+y rate.

Three scenarios are considered in the left-hand side of figure 6. The first scenario
includes three vector-like pairs of left- and right-handed leptonic doublets (green dotted
line), which leads to the presence of six charged leptons. In this case, the enhancement
factor can reach the level of ~ 200 when the (common) masses of the vector-like leptons
are close to the %M@ threshold for which the form factors A‘II’/2
A second scenario is when three charged dileptons E~~ contribute to the v loop (blue

are maximal; see figure 3.

dotted line). Because of the higher electric charge, the enhancement factor is larger than
in the previous case (a factor of two at the amplitude level). A final scenario is when an
entire generation of vector-like quarks and leptons is added to the standard spectrum (red
solid line). In this case, as in the singlet scenario discussed in the previous section, up- and
down-type quarks (U, D) contribute to both the ®gg and ®~+ loops, and the additional
vector-like charged leptons L also contribute to the &y~ amplitude.

In this last scenario, in order to suppress the cross section for o(gg — ® — tt), which
would also be enhanced by the presence of the new U and D quarks, we assume that
tan 5 = 3. In this case, I'¢ =3 GeV in the absence of novel ® decay modes. A large ¢
width could be recovered, e.g., by allowing invisible ® decays into the neutral vector-like
leptons,'® ® — NN, with the mass my adjusted in order to obtain the desired total width.

12The easiest option would have been the introduction of a fourth generation of fermions but it is com-
pletely excluded by the observation of the light h state with standard-like couplings [139-142].

13The numerical analyses on Higgs decays are performed using the program HDECAY. See refs. [143, 144].

11n fact, the best fit to the ATLAS value I's ~ 45 GeV can be obtained by allowing a 10-15 GeV mass
difference between the H and A states. Curiously enough, this is just what happens in the hAMSSM: with
M4 = 750 GeV, one obtains My ~ 765 GeV for tan 3 ~ 1 [128-130].

5This would be the case if, for instance, the partner neutral lepton is the dark matter particle, with
interactions mediated by the ®; see, e.g., ref. [145-149].
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Figure 6. Left: the enhancement factors, K gii?,y as a function of the lepton mass, in scenarios

with vector-like fermions, of the prospective o(gg — ®) x BR(® — ~) signal, compared to
the 2HDM case in which only the top quark contribution for tanf = 1 is included. Right: the
® = H, A line-shape calculated assuming as in the hMSSM M4 = 750 GeV, My = 765 GeV,
'y = 32GeV and I'y = 35GeV for tanf = 1, and normalizing the combined signal curve to
o x BR(pp— H, A—~vy) = 61b.

This would also suppress the fraction BR(® — ¢t), allowing us to evade even more easily
the constraints from the ATLAS and CMS searches for ¢¢ resonances [150, 151].

The right-hand side of figure 6 shows the expected ® = H, A line-shape, assuming
My = 750GeV, Mg — My = 15GeV as in the hMSSM, o x BR(pp — A — ~v7)/o X
BR(pp = H — vy) = 2, T'tot(H) = 32GeV and T'it(A) = 35GeV as in the hMSSM
for tan f = 1 (modelled as non-interfering Breit-Wigners), and normalizing the combined
signal curve to o x BR(pp - ® = H, A — ) = 6fb. The A contribution is the dashed
green line, the H contribution is the dotted blue line, and the sum is the solid red line.
In principle, this line-shape could be distinguished from a single Breit-Wigner, e.g., by its
asymmetry around the peak of the distribution, though this would require large statistics.

3.1.3 Decays of the ® = H/A states

We turn now to the decays of the ® = H/A states which, in the two limits of alignment in
the general 2HDM and decoupling in the MSSM, are almost the same (this is particularly
true as we assume that the supersymmetric particle spectrum is very heavy and do not
enter the decays either directly or indirectly in the loop-induced modes). The pattern of
these decays is, to a large extent, dictated by the value of tan 8 and the fact that for low
values, the top quark Yukawa coupling o< 1/tan 3 is very large, while at high tan 3 the
Higgs couplings to bottom quarks and 7 leptons, o tan 3, are enhanced; see table 2.
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We start with the modes by which the ® signal has been observed, i.e., the ® — ~~
mode and the (inverse of the) ® — gg mode. In these two cases, the partial decay widths,
assuming that only heavy fermions are running in the loops,!6 are given by the same
expressions egs. (2.6), (2.8), (2.9) shown previously [18-20, 108], see also figure 3.

The other important decays of the ® states would be into fermion pairs, with partial
widths given, in terms of the fermion velocity 8y = (1 — 4m?/M(%)1/2, by [108]

[(®— ff)=Ne Gasr Ma B, (3.5)

4\/§7r
with pg = 3 (1) for the CP-even (odd) Higgs boson. In principle, the only relevant decays
at low tan /8 values are those into ¢t pairs, while at high tan 3 values the decays into
bb and 77~ pairs are dominant. All other decay modes!'” are strongly suppressed in
the alignment/decoupling limits of 2HDMs/MSSM. In particular, this is the case for the
H — WW, ZZ decays of the CP-even H state and the A — hZ decays of the CP-odd A
state, which involve the couplings ggyvv = gzra = cos(f — «) — 0. The decay H — hh,
which involves the trilinear coupling ggpp that is small or vanishing, is also suppressed.

The branching fractions for the main decay modes of the H/A states, namely ® —
tt,bb, 77~ and the loop-induced decays ® — v, gg are shown in the left panel of figure 7
for My = M4 = 750 GeV as functions of tan 5. A Type-1I 2HDM like the MSSM has been
assumed, and the value of tan 3 is restricted to lie in the range % < tan 8 < 60 for which
both the top and bottom quark Yukawa couplings, y; = m¢/vtan 3 and y, = my tan 5/v,
are perturbative at the weak scale (using the pole ¢t-mass m; = 172 GeV and the running
b-mass at the scale of the Higgs mass m; = 3 GeV [102]).

As expected, the decay ® — tt dominates by far when tan 3 < 5, for which the top
Yukawa coupling is the largest: y;>>1,. On the other hand, for tan 8 2 10 one has y, > v
and the decay ® — bb is the dominant one. The branching fractions for decays into 7
pairs is BR(® — 7777) ~ 10%, a simple reflection of the fact that 3m?/m?2 ~ 10, with 3
being the colour factor. For intermediate tan S values, tan 5 ~ 5-10, the suppression of the
®tt coupling is already effective, whereas the ®bb coupling is not yet strongly enhanced,
resulting in decay rates into ¢f and bb that are comparable. The cross-over point is at
tan 8 & /my/my ~ 7.

The decays ® — v have constant branching fractions of the order of 1075 at low tan 3
and, starting from tan § &~ 5, they decrease with increasing tan 3 reaching BR(® — ) ~
1077 for tan 8 =~ 30. The branching ratio for the ® — gg decay is more than two orders of
magnitude higher, (’)(%ag /a?) ~ 400. Thus the maximal values of the ® — vy and ® — gg
branching ratios, and hence the ® cross section at a pp collider, will be obtained at low
tan 5 values. We note also that, for Mg = 750 GeV, values tan § 2 20 are excluded by the
search for heavy Higgs particles decaying into 77~ pairs [131].'8

There is no W contribution in the H case as the coupling grvv — 0 is suppressed in these limits and
the contribution of the charged Higgs boson is very small [85].

"There is, however, one exception: the decays ® — HTWT with light charged Higgs bosons. In general,
we assume this channel to be kinematically closed, an assumption that we revisit later.

8The ATLAS and CMS bounds are less restrictive, with only values tan 8 > 30 being excluded for
Mgs = 750 GeV [152, 153]. However, these searches were interpreted in a benchmark scenario in which
additional decays of the A/H bosons, namely supersymmetric decays into charginos and neutralinos, are
present, reducing the interesting A/H branching ratios into 77~ final states.
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Figure 7. The branching ratios for ® = H/A decays into various final states for Mg = 750 GeV
as functions of tan 8 (left) and the corresponding total decay width (right).

The total decay width of & = H, A is shown in the right panel of figure 7 as a function
of tan 3. For the reasons discussed above, the total width is large at low and high tan
values, and values tan 8 < 1 lead to an unacceptably large width for ®. The width has a
minimum of about 1 GeV at the cross-over tan 3 value, tan 8 ~ /my/my ~ 7. If the total
width I'e =~ 45 GeV apparently observed by the ATLAS Collaboration [3] is to be attained,
values tan 5 =~ 1 or tan § ~ 60 would be required, but the high-tan 5 option is completely
excluded by the H/A — 777~ searches at the previous LHC run [152, 153].

Another argument that disfavours the tan 8 < 1 option is that searches for resonances
decaying into tf final states have been conducted at /s = 8 TeV with 20fb~!, setting an
upper limit on o(pp — X — tt) of about half a pb [150, 151], which is attained in our
model for the ® signal for tan 8 ~ 1. Any value tan 8 < 1 would lead to a gg — ® — tt
rate that is too high and hence excluded by the ATLAS and CMS searches.?

Hence, the value tan 8 =~ 1 seems to be optimal for coping with the LHC data on the
® signal, when all constraints from other search channels are fulfilled. We therefore use
the value tan = 1 as a benchmark. This choice has the additional advantage that, in the
2HDM context, the predictions of the Type-I and -II variants are quite similar, so that our
discussion then becomes more general.

Nevertheless, even for this optimal value of tan 3, the partial decay widths of the ®
states into vy and gg are far too small to explain the large cross section for the diphoton

19WWe note that these searches have in fact been performed only for electroweak spin-one resonances, like
new neutral gauge bosons or electroweak Kaluza-Klein excitations decaying into ¢t pairs [150, 151]. In
these cases, the main production channel is ¢ annihilation and there is no interference with the (coloured)
QCD g — tt continuum background. In our case, the signal is due to gg — ® — t£, which interferes in a
complicated way with the gg — t& QCD background as discussed in e.g. ref. [131]. A more detailed analysis
is thus needed to interpret more accurately the ATLAS and CMS exclusion limits but, grosso modo, they
should be of the same order as those derived for spin-1 resonances.
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Figure 8. Generic Feynman diagrams for ® production at pp colliders.

signal, as discussed in [85] and in the singlet model considered previously. However, in our
particular 2HDM/MSSM scenario, the presence of heavy vector-like quarks which couple to
the ® states is in general strongly disfavoured: vector-like quarks would enhance strongly
the cross section for gg — ® production and, since the main decay mode is ® — tt, the
rate for gg — ® — tt will exceed by far the limit imposed by the null results of searches
for tt resonances [150, 151] in the previous LHC Run 1. The mitigating strategy, as was
discussed in the previous subsection, would be to suppress the top quark contribution to
the ®gg vertex by choosing intermediate values of tan 8 in an attempt to allow for such
vector-like quarks.?? In this case the total width of ®, which will be suppressed because
it is controlled by the decay ® — tf as the vector-like quarks are supposed to be much
heavier than §Mg [155-158], would be much smaller than the value I' &~ 45 GeV favored
by the ATLAS measurement [3]. This value can be recovered by allowing for decays into
the lighter neutral leptons. On the other hand, charged vector-like leptons enter only in
the ®v~v couplings, so here we consider their presence only.

Summarizing this 2HDM /MSSM scenario, we have two (near-)degenerate neutral Higgs
bosons, one CP-even, H, and one CP-odd, A, both with masses Mg = 750 GeV. We
assume that tan 8 = 1, so that they couple strongly to the top quark, but not to other
standard particles. There is also a charged Higgs boson, H*, with a constraint on its
mass Mpy+ 2 160 GeV [159-161], though we favour Mpy+ ~ 750 GeV. We postulate a
number of charged electroweakly-interacting particles with masses not too far from %Mq;,
that enhance strongly the ®vv coupling, and we also have neutral partners, N, of these
particles that are invisible, which might appear in the decays of the ® states.

3.2 Production of the & = H, A states at pp colliders

We come now to the production of the ®, interpreted in this section as a pair H, A of Higgs
particles, at pp colliders; some generic Feynman diagrams are shown in figure 8.

As already mentioned, the leading production mechanism would be gluon-gluon fusion,
gg — P, generated by triangular loops of top quarks, figure 8a, neglecting the possibility
of new colored particles such as vector-like quarks. Referring back to egs. (2.6), (2.8)
and (2.9) for the partial decay width I'(® — gg) and the form factors A‘11>/2 that govern

20Vector-like quarks could be useful in order to explain another excess, albeit smaller, observed at the
LHC: namely a 20 deviation of the cross section for the associated pp — tth production process for the
standard Higgs boson [132]. This excess can be explained by the presence of vector-like quarks that enhance
the top Yukawa coupling through mixing with no alteration of the gg — h cross section and the h — 7y
decay branching ratio [154]. Note, however, that care should be taken with the interactions of the new
fermions introduced here not to alter too much the properties of this standard Higgs boson [85].
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high collider energies. In this case, one is approximately in the chiral limit Mg > my,
which leads to almost exactly the same cross sections for the CP-even H and CP-odd A
states. Because of the reduced phase space, the production rates are at least two orders
of magnitude smaller than in the dominant gg — ® fusion modes even at /s = 100 TeV,
as seen in figure 9. The rates are nevertheless significant as, for the planned integrated
luminosities, one can collect more than 10* and 10° events, respectively at HL-LHC and
FCC-hh/SPPC, with the ® states decaying into t¢ pairs, resulting in four-top final states.
The processes would give direct measurements of the tt® coupling, a key test of this model
and a possible discrimination between the CP-even and odd possibilities [174-176].2!

We should note that the cross sections for these processes have been obtained using
a modified version of the leading-order program HQQ [183]?2 with the renormalisation and
factorisation scales fixed to pug = my + %qu, and again using the MSTW2008 set of
structure functions. The QCD corrections have been known to NLO [185-189] in the case
of a CP-even Higgs state for some time and have been derived more recently for the CP-odd
case. However, at /s = 14 TeV, they lead to a K-factor that is of order unity for a Higgs
boson with a mass ~ 125 GeV. Considering the process at LO only as is done here should
therefore be an adequate approximation.

There are several processes in which a pair of heavy Higgs bosons is produced, see, e.g.,
ref. [190-193]. First there is H A production that, at moderate energies, proceeds primarily
via the q¢ — HA process with the s-channel exchange of a virtual Z boson that has a
maximal coupling to the Higgs pair in the alignment /decoupling limit, gz4 = 1. At higher
energies, because of the significantly larger gluon luminosity, the dominant production
mode becomes gg — H A, which is mediated almost exclusively by top quark loops. Their
contribution comes primarily from box diagrams in which two Higgs states are emitted
from the internal quark lines, but there are additional ones from the triangular loops that
produce an off-shell CP-odd A boson which splits into H A final states: gg — A* — HA.
The latter process involves the trilinear H AA coupling that is expected to be small in the
alignment limit of the 2HDM or the decoupling limit of the MSSM.

One can also produce HH and AA pairs in gluon-fusion processes with contributions
from both the box diagrams and triangular loops with intermediate h, H virtual states
that then split into to the two ® bosons, gg — h*, H* — HH or AA; figure 8. The cross
sections, evaluated at LO using the programs HPAIR [183, 184 and the LO MSTW2008
PDFs, are also shown in figure 9c. As can be seen, these cross sections are rather small,
barely reaching the 10 fb level even at /s = 100 TeV. Their signature, dominated by final
states with four top quarks, will be similar to that of the t£® process discussed above.

We may also consider the possibility of deviating from the alignment or decoupling
limit, with ggyvy = cos(8 — a) small but non-zero. In this case two interesting types of
process become possible. First, one can produce singly the heavy CP-even H boson in

*'Further, if ® indeed has invisible decays into dark matter particles, then the associated ¢f® process [177)
and the mono jet channel [178, 179] are the only ways to search for such a mode at the LHC, as the VBF
(see for example ref. [180]) and VH modes (see for example ref. [181, 182]) modes are no longer available
in this aligned 2HDM context.

*2A summary is given in ref. [184].
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case, and would enable additional decays to occur. In the case of the CP-even H boson,
important possibilities would be H — ZZ and H — WW, which would grow like M 1?37
to be contrasted with My for the H — tt decay, as a consequence of the growth of the
longitudinal gauge boson wave functions with energy, and would dominate at high mass if
not for the gz coupling suppression. Another interesting decay for a pseudoscalar Higgs
boson, A — hZ, would also have a non-zero branching ratio if gzpa were not small. This
would also be the case of the other very interesting decay of the CP-even H state, H — hh,
which involves the triple coupling ggnp that is somewhat model-dependent?? in a 2HDM,
but is in general small in the alignment limit.

The cross sections for the processes gg — H — WW, ZZ hh and g9 — A — hZ are
shown in the right panel of figure 10 as functions of /s, assuming the couplings found in
the hMSSM (2HDM of Type II). The decay rates have been evaluated using the program
HDECAY [143, 144], which includes the relevant higher-order effects. As can be seen, even
for the very small value cos?( — a) ~ 8 x 10~* used for illustration (and which leads to
very tiny branching ratios of the order of a few times 1072 for the H — ZZ,WW and
A — hZ modes and of the order of 1072 for the H — hh decay), the rates are small but
not negligible at the high luminosities planned for high energies.

3.3 ® = H, A production at eTe™, vy and utu~ colliders

We study now the production of the ® = H, A states at high-energy ete™ colliders. For
at least two decades, these machines have been discussed as possible follow-ups for the
LHC. Two options for high-energy ete™ linear colliders®® have been discussed. One is the
ILC [23-26], which could ultimately reach energies of the order of 1TeV, as required for
® production. The other is CLIC [27], which is planned to cover the multi-TeV scale and
can certainly reach a centre-of-mass energy = 1.5 TeV that is favoured in the context of
this analysis. Both colliders are designed to reach an integrated luminosity of 1 ab™1.

In the exact alignment or decoupling limit, the most important channel for ® produc-
tion in eTe™ collisions [201-203] is associated production of the HA states through the
s-channel exchange of a virtual Z boson, e™e™ — H A in figure 11a, as the coupling is then
maximal, gz = sin(f — ) — 1. The cross section is simply given by

)\3

Gy xR
(L= M3/

o(ete™ = HA) = s (02 4+ a2)§%ma (3.6)

Z3This coupling may also appear in the MSSM, where the coupling grrnn depends on the supersymmetric
spectrum that enters the radiative corrections in the Higgs sector [127]. However, if only the dominant
radiative correction that also enters the lightest h boson mass [135-137] is taken into account, the coupling
is fixed in terms of tan 8 and My for M; = 125GeV [131]. This coupling is also small in the decoupling
limit that applies for Mg = 750 GeV.

#*We do not discuss here the FCC-ee [28] and CEPC [29] circular machines, which are planned for a
maximum centre-of-mass energy of /s = 350 GeV, far below the kinematical threshold for probing directly
the 750 GeV @ states and the associated matter particles. However, these machines would be able to probe
these scenarios indirectly via precise measurements of the standard-like A boson couplings, which would
be affected by the presence of the new particles. We note, however, that a very precise determination
of the hvyvy coupling could be performed already at the HL-LHC by measuring the ratio of h — v and
h — ZZ* — 40F signal strengths, as a precision of O(1%) can be achieved [199, 200].
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Figure 11. Feynman diagrams for ® production at eTe™ colliders.

where, as usual, the reduced vector and axial-vector couplings of the electrons to the Z
boson are given by the Z charges of the electron, ¢, = —1 and 0. = —1 + 48%/‘/, and A is
the usual two-particle phase-space function that, in the case of two equal particle masses,
reduces to the velocity of the H/A bosons: A — 8 = /1 —4M2/s.

The production rate is shown in the left panel of figure 12 for My = M4 = 750 GeV
as a function of the centre-of-mass energy /s. As it scales like 1/s, the cross section is not
that large, namely O(1) fb above the 2Mg threshold, leading to a thousand events that
can be fully reconstructed for the anticipated luminosity of 1 ab=!. The main detection
channel would be the four-top final state but, the enhanced tfgg and possibly ¢ty final
states could also be observed with very high luminosities.

The other important ® production processes are associated production with top quark
pairs [204, 205], ete™ — tt® and figure 11b, for which the combined cross sections are at
the level of 0.1 fb at high enough energy, i.e., sufficiently far above the kinematical threshold
V/s ~ 1.1 TeV. The cross sections are shown for H and A as functions of /s in the left panel
of figure 12, again for M4 = My = 750 GeV and tan § = 1. The signature would be four
top quarks in the final state, which should have little background, except from the process
eTe™ — HA before the two H, A states are reconstructed. We note that the cross sections
for H and A production are slightly different because, at energies below /s ~ 3 TeV, one
is not yet in the chiral limit in which top quark mass effects are negligible. In fact, the
threshold rise of the cross sections is completely different for eTe™ — ttA and eTe™ — ttH,
as has been shown in ref. [206, 207], and a scan around the 2m; + Mg threshold could allow
for a distinction between the CP-even and CP-odd Higgs cases.

Finally, there are also processes for the single production of the CP-even H boson,
such as vector boson fusion, ete™ — Hvi and ete™ — HeTe™, and Higgs-strahlung,
ete” — HZ, as well as the associated production of the pseudoscalar A and the standard-
like h state, ete” — hA. The rates are, however, suppressed by the small couplings
gvvea = Jzha = cos(8 — a) — 0 in the alignment/decoupling limits of the 2HDM and
MSSM scenarios, respectively. The cross sections for these processes are shown in the right
panel of figure 12 as functions of /s for cos(8 — a) = 0.1.

The rates for the s-channel processes ete™ — Z* — hA/HZ, which have comparable
cross sections at centre-of-mass energies sufficiently above the kinematical thresholds, as
My = My and My ~ My, scale like 1/s and are therefore small. In turn, as it grows
like log(s/M3,), the rate for the WW fusion process ete~ — Hvi is very large and,
at high enough energies, it could dominate all other ® production processes, despite the
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Figure 12. Production cross sections for the ® = H, A states at an eTe™ collider as a function of

the centre-of-mass energy +/s, assuming Mg = 750 GeV and tan 8 = 1. The processes considered
are: eTe” — HA and ete™ — t1® with ® = A or H in the alignment limit cos?(3 — a) = 0 (left
panel) and ete™ — Hvw, Hete™ and eTe™ — hA, HZ for cos?(8 — a) = 1072 (right panel).

cos?(B — ) suppression factor. The ZZ fusion process ete™ — Hete™, which has an
order of magnitude smaller rate compared to WW fusion as can be inferred from the W/Z
couplings to electrons, could also be observable for not too tiny ggyy couplings.

In addition to the conventional e*e™ mode, future high-energy ete™ linear colliders
can be made to run in the vy mode by using Compton back-scattering of laser light off
the high-energy electron beams [30]. As discussed earlier, these colliders could have up to
~ 80% of the energy of the eTe™ collider, with a luminosity that is quite similar. In the
context of the & = H, A states, the motivation for such a v+ machine would again clearly
be the direct and precise measurement of the v~ coupling, since the s-channel production
of resonances, figure 11c, is possible in such a mode [31-37].

As discussed previously, the production of a spin-zero particle at such a collider occurs
through the Jz = 0 channel. In the 2HDM studied in this section, in contrast to the
singlet model studied earlier, the total decay widths of the 750 GeV ® states are significant,
namely about I's =~ 30 GeV. For polarized initial-state photons, taking into account the
total decay width I's and the partial widths for decays into two photons I'(® — ~7) and
into a given final state X, I'(® — X)), the cross section for the process vy — ® — X
is given by eq. (2.12). As explained earlier, with appropriate choices of the helicities of
the e™,e™ as well as the two laser beams, one can arrange that the two back-scattered
photons dominantly have identical helicities: A\ Ao = 1, so as to project out the Jz; = 0
component and therefore favour the resonant Higgs signal. In order to maximize the
effective cross section for Higgs production, the v energy should be tuned so that the

peak of the luminosity function at ~ 0.8y/s (for a perfect photon spectrum) occurs at

ete
Mg. As in our present case the ® particles decay almost exclusively into tt final states

with BR(® — tf) ~ 1, the main background is the vy — ¢t process whose cross section in
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Figure 13. The invariant mass distribution do/dM,, in fb/GeV for the process vy — tt in
the vy mode of a linear ete™ collider. Shown are the pure continuum QED contribution, the
additional separate contributions due to s-channel exchanges of the H and A states, and the full
set of contributions QED+H + A. We assume My = 750 GeV, My = 7710 GeV, I'y = 35GeV,
'y = 32GeV and tan 8 = 1. In the left panel, only the top quark loops are taken into account
in the ®~v~ couplings. In the right panel, additional vector-like fermion contributions that increase
H — ~vv and A — ~~ amplitudes by factors 10 and 15, respectively, are included.

the Jz =0 mode is significant as there is no mass suppression like for light fermions. One
can impose a polar cut in the centre of mass of the two-photon system to eliminate part
of the background events at high invariant masses, which are peaked in the forward and
backward directions, with only a moderate loss of the signal.

Figure 13 displays the prospects for measuring the doublet ® signal in v collisions,
taking into account the interference between signal and background. The cross section &
is for the process vy — tt, taking into account both the QED process and the resonance
production vy — ® — ¢t and including the interference. We again make the analysis
choosing A\.-A;; = Ao+ A, = —1 and A~ = A.+. These choices ensure that the photon
luminosity L., peaks at around 80% of the energy of the parent e*e™ collider and that
the two colliding photons dominantly have the same helicities. This analysis was made
assuming M4 = 750 GeV, My = 770GeV, I'y = 35GeV, I'y = 32GeV and tan g = 1 for

a 1TeV parent ete™ collider. In the left panel, we show for illustration the case where
only the top loop contributions to the ®vv couplings are taken into account, whereas in
the right panel additional contributions that enhance the previous H — v and A — vy
amplitudes by factors 10 and 15, respectively, are also included. Like figure 6 these figures,

too, display how two closely spaced states would look like a single wide resonance.

For completeness, we close this section with a few words about high-energy muon
colliders. In ™y~ collisions, the production cross section for a Higgs state decaying into
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a final state X is given, in terms of the partial decay widths, by [208]

_ AnD(P—ptp )D(P—X)  Ar _
+ P X)= ~— _BR(®—utpu )BR(®— X 3.7
o(p T —-*—X) (s _M(%)Q —|—M<%F<2D M(% (@—pp) (e—X), (3.7)

where the second term, which gives the effective cross section, is obtained assuming that
the energy spread of the u"u~ machine is much smaller than the Higgs total decay width.
In our case, the relevant final state to be considered is ® — t£, which has a branching ration
of order 1. As the ® mass that we consider here, Mgy = My 4 ~ 750GeV, is large and
the branching fraction BR(® — p*u~) low, BR(® — ptpu~) ~ 1.5 x 1077 for tan 8 ~ 1,
the production rate would, in this case, be extremely small. We will therefore not pursue
further this ™t~ option.

3.4 Production of charged Higgs bosons

We now turn to the discussion of the charged Higgs bosons, which is complicated by the
fact that we do not know their mass. Indeed, the only available information on Mg+ is
that it should be heavier than about 160 GeV, as a result of the negative searches in top
decays t — bH' — brv at LHC Run 1 with /s = 8 TeV and about 20 fb~! data [159-161].
Therefore, we consider the production cross sections at pp and eTe™ colliders as functions
of My« for different centre-of-mass energies. For the other model parameters, we continue
with tan 8 = 1, cos?(8 — a) = 0 and Mg = My 4 = 750 GeV.

We first discuss H* production at pp colliders, for which our results are shown in
figure 14 for the two centre-of-mass energies /s = 14TeV and /s = 100 TeV, borrowing
some results from the recent analysis of ref. [209]. The dominant process by far is the
associated gb — tH* mechanism, which for \/s = 14 TeV and tan 3 ~ 1 has a cross section
above the pb level for My+ < 400 GeV, dropping to 30fb for a mass M+ ~ 1TeV. For
low H* masses, it is followed by the qg — v*, Z* — HTH ™~ process, which has a rate that
is two orders of magnitude lower. A third possibility would be associated HH* and AH*
production via W exchange, ¢7 — W* — ®W*, with a rate comparable to that of pair pro-
duction for My+ ~ 400 GeV and larger beyond. The cross sections are nevertheless small,
below thefb level. Moving to /s = 100 TeV, all cross sections increase by two to three
orders of magnitude. Hence, production of the HT states is copious at these high energies.

Turning to high-energy e™e™ colliders, the most important process for producing
charged Higgs states is the pair production process [201-203], which proceeds via v*, Z*
exchange, and for which the cross section depends only on the centre-of-mass energy and
Mp+. It is shown as a function of M+ in figure 15 for a fixed centre-of-mass energy of
/s = 2TeV. As can be seen, it drops from about 10fb at low masses My+ =~ 160 GeV to
about 2fb at Mpy+ ~ 750 GeV. Thus, the cross section is approximately a factor of two
larger than for H A production, as a result of the additional photon exchange. For masses
above 750 GeV, the cross section drops quickly as a consequence of the velocity suppression
near the kinematical threshold, o(ete™ — HTH ™) oc 55{[1. Another process in the context
of ete™ colliders would be associated production with heavy quarks, ete™ — thH*. Sim-
ilarly to associated ® production with top quarks, the cross sections may reach the 0.1fb
level for tan 3 = 1 and H™ states that are not too heavy [204, 205].
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Figure 16. Branching ratios for the decays of the ® = H/A states and their total decay widths
(in TeV) as functions of My~ for tan 8 = 1, cos?(8 — a) = 0 and Mg = 750 GeV.

decays H* — W*® take place as the coupling g+ is O(1) in the alignment limit of a
2HDM (in the MSSM, this channel is kinematically closed at the two-body level since we
have M+ =~ Mg and it is strongly suppressed at the three-body level [210]). Nevertheless,
BR(H* — ®W) is small and does not exceed 50% even for M+ = 1 TeV. Hence the main
topology in the search for the H* states at proton colliders would be gb — tH~ — ttb,
which would be similar to ¢t plus jet production, rendering its detection not very easy. In
ete™ collisions, one should focus on the ttbb final-state topology.

Another possibility that should be considered is the decay of the ® = H, A states into
H* bosons. Indeed, if we are in the opposite situation to that considered above, i.e., with
Mg 2 Mpy+ + My, the decays ® — HTWT will take place (although in an MSSM-like
scenario with Mg+ ~ Mg, these features do not occur). For our baseline choice tan 8 = 1,
the two dominant branching ratios are shown in figure 16, where one can see that, when
the decays ® — HEW* are accessible, they tend to dominate over the ¢ channels. At the
same time, the total decay widths of the ® states would become much larger than the value
I's =~ 30 GeV that seem to be favoured by the ATLAS search. Beyond Mg+ = 650 GeV,
these special decays are closed, and one has BR(® — ) ~ 1. These decays are hence
disfavoured if we want to stay in a minimal scenario for the observed production rate and
the total width of the diphoton enhancement, with only a few ingredients.

4 Vector-like fermions

The existence of massive vector-like fermions is a common feature of both the singlet
models discussed in section 2 and the 2HDM scenarios discussed in section 3. Therefore, in
addition to further studies of the ® particle itself and searches for possible bosonic partners
at the LHC and future colliders, a useful way to probe different models would be via direct
production of vector-like fermions. In this section, we focus on this important aspect of
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model testing, considering both pair and single production of these fermions. We start by
summarising the couplings of these particles, which have also been discussed frequently
elsewhere, see, e.g., refs. [214, 215, 228, 229].25:26

4.1 Couplings, mixing and decays of vector-like fermions

Except for singlet neutrinos, which have no electromagnetic and weak charges, all the other
vector-like fermions couple to the photon and to the electroweak gauge bosons W/Z with
typical electroweak strength. These couplings allow for the pair production processes at
colliders. To obtain the cross sections, one needs in addition to the electric charge ep in
units of the proton charge, the vector couplings of the vector-like fermion F' to the photon
and Z boson, which are given by

_ 205y + 205 —depshy  w _ I5p + I5p

P o= =
dswew ’ V2sw

Yo Z
Vp =€f, Ufp

(4.1)

where IifL, IgF r are the third components of the left- and right-handed weak isospins of the
fermions, and 5%,[, =1- c%,[, = sin? fyy. The axial-vector couplings of the fermions to the
Z boson, ap = (2IF; — 2IL,)/(4swew), are zero by construction for vector-like fermions,
unlike for Standard Model quarks and leptons. In addition, there is a charged-current
coupling between the two components of each fermion doublet and the W boson. As
seen in eq. (4.1), this charged coupling is twice as large in the case of the vector fermions
compared to standard ones, because of the vectorial nature of the fermion F'.

The vector-like leptons and quarks can mix with the Standard Model fermions that
have the same U(1)q and SU(3)c assignments. This mixing would give rise to new interac-
tions that determine to a large extent the decay properties of the vector-like fermions, and
allow for a new production mechanism, namely single production in association with a light
fermion partner. Generic Feynman diagrams for these processes are shown in figure 17.
The mixing pattern depends sensitively on the model considered and is, in general, rather
complicated, especially if one includes the mixing between different families. However, this
intergenerational mixing should be very small as it could induce flavour-changing neutral
currents that are severely constrained by existing data [102].

In the present analysis, we neglect the intergenerational mixing and treat the remaining
mixing angles as phenomenological parameters. The interactions of the electron and its
partner neutrino with vector-like charged and neutral leptons NV, £ may be written as

Ly = QW[CWVEV_e'V,uE + CWeNé’YMN]W# + 9z [CZeEé'Y,uE + CZI/NV_B’YMN]Zu +h.c., (4-2)

where gy = e/ V2sw and gz = e/2swcw, and we have anticipated a small mixing angle?”
so that we have written sin&; ~ &. The generalization to the other lepton families and to
vector-like quarks is straightforward. At least in the case of couplings to third-generation

*Tor recent reviews of vector-like quarks see refs. [211-213].
20For discussions of vector-like leptons in particular at the LHC see for instance refs. [216-227].
*TFor a detailed and relatively recent discussion see for instance ref. [230].
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quarks and leptons, one should also consider the mixing via the scalar sector,?® including
the Standard Model-like h state as well as the ® and (in doublet models) the H* states.
Normalizing the mixing through the Z and Higgs bosons in the same way by also defining
gs = e/2swew, the Lagrangian describing this mixing, where the sum is over all scalars
and fermions, is given by

Lg = gsZCSfFfFS—l—h.C., (4.3)
S, f

which we now use in analysis of some possible phenomenological signatures.

The heavy fermions can decay through mixing into massive gauge bosons plus their
ordinary light partners, F' — V f with V. =W, Z or F' — hf (and eventually even F' — ®f
for very heavy fermions); see figure 17a (left). Using the scaled masses vx = M%/m% and
neglecting the ordinary fermion masses (which should be an excellent approximation even
in the case of the top quark), the partial decay widths are given by [214, 215, 229]

3

(6% m
DF—=>Wf) = ——Cpp —2(1—ow)?(1 + 20w),
3
(0% m
I(F = 2f) = ——Cop —L(1—vz)%(1 4+ 20y),
( f) 328%4/0‘2/VCZFf Mg( vz)* (14 2vz)
3
(0% m
I(F - Sf) = ——C2p —£(1—vg)?, 4.4

When there is no Higgs channel, the charged-current decay mode is always dominant
compared to the neutral one and, for fermion masses much larger than My , the branching
ratios are 1/3 and 2/3 for the ' — fZ and F — f'W modes, respectively. Note that for
Majorana neutrinos, both the N — "W /y;Z and N — I"W~ /;Z decays are possible.
This gives nice like-sign lepton search signatures, and makes the Majorana neutrino total
decay widths twice as large as for Dirac neutrinos.

The decay pattern above assumes at least an approximate mass degeneracy between
the members of the same weak isodoublet, for instance my, &~ my in the case of vector-like
leptons. However, if one allows for a mass difference between the two states, one would have
charged current decays such as L* — W*N or N — W*LTF; see figure 17a (right). If mp >
my+ My, the LT decay is at the two-body level and, since it has a partial width that is not
suppressed by any mixing angle, it is the dominant one. In turn, N decays through mixing
to ordinary leptons and gauge bosons. An interesting situation is when 0 < mp — my <
My, so that the decay occurs at the three-body level with the virtual W boson decaying
into almost massless fermions, L — NW* — N ff. In this case, depending in the virtuality
of the W boson and the mixing with light fermions, the L — N ff and L — ¢Z,vW modes
might compete with each other rendering the situation quite model-dependent.

280ne could assume that the magnitude of the mixing through the Higgs boson is proportional to the
fermion masses and hence is negligible for the first two generations of fermions, compared to the mixing
through the vector bosons. Note, however, that such an intergenerational mixing might provide an expla-
nation for the flavour-changing h — p*7F decay of the standard-like Higgs boson hinted during Run 1 of
the LHC [231].
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Figure 17. Generic Feynman diagrams for the processes involving vector-like fermions. a) Two-
body decays through mixing and two- or three-body decays through gauge interactions. b) Pair
production of heavy quarks in pp collisions. ¢) Pair production in ete™ and pp collisions via
electroweak gauge couplings. d) Single production of heavy fermions in eTe™ and pp collisions
through mixing. e) Production of one heavy quark in association with a gauge boson V =W, Z in
the gq subprocess at hadron colliders. The symbol e at a vertex indicates mixing between heavy
and ordinary fermions.
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Note finally that for small mixing angles (and also if only three-body decays into lighter
vector-like fermions are kinematically accessible), the vector-like fermions have rather nar-
row widths if they are not too heavy, but the widths increase rapidly with the vector-like
fermion mass, I' ~ m% However, for mixing angles of order ¢ < 0.1, the total widths do
not exceed the 100 GeV range even for mp ~ O(1TeV).

4.2 Experimental constraints

We now summarize briefly the present experimental constraints on the masses of the vector-
like fermions and their mixings with the ordinary fermions. The mixing will, in general,
alter the couplings of the electroweak gauge bosons to light quarks and leptons from
their Standard Model values. The Zff couplings, which are reduced by mixing factors
cos? € ~ 1 — €2, have been very accurately determined at LEP through the measurements
of total, partial and invisible decay widths, as well as forward-backward and polarization
asymmetries. As they have been found to agree with the Standard Model predictions
to the level of at least one percent, the mixing angles are constrained to be smaller than
O(1071) [230]. The vector-like quark mixing with the top quark can presumably be slightly
larger [211-215], as the Tevatron and LHC data on the top quark production cross sections
and asymmetries are at the level of 10% accuracy only [102].

Note that in the case of vector-like leptons, the precise measurements of the anomalous
magnetic moments of the electron and muon lead to even more stringent constraints: (; <
O(1072) for light vector-like leptons with masses of the order of 100 GeV [232-234]. Indeed,
because there is no chiral protection, the contribution of heavy lepton loops to (g — 2)e,
is proportional to m./my, in contrast to mg u / m% for chiral couplings, and very small (;
and/or large my, are needed to accommodate the data.

Turning to the masses, the constraints in the vector-like lepton case are rather weak.
From the null results of searches for new states and from the measurement of Z decay
widths at LEP, one can infer a bound myz, 2 O(100) GeV independently of the mixing [235],
except for singlet neutrinos that have no weak couplings to the Z boson. For small mixing
angles, one could push these bounds up to my; 2 O(200) GeV for single production at
LEP2 in favourable cases [236, 237]. For these single production processes, the limits from
the Tevatron are not competitive with the LEP2 limits while those of the previous LHC
run are comparable. For instance, CMS searched for Majorana neutrinos?? that couple to
muons in the same-sign muon plus two jet final states and, for mixing angles ¢y, S 0.1,
they obtain a bound of my 2 200 GeV on the Majorana neutrino masses [246].

The most constraining searches on vector-like leptons have been conducted by the AT-
LAS collaboration [247, 248].39 A first search [247] has been performed in the context of the
Type-11I seesaw model originally introduced in order to explain the smallness of the neu-
trino masses [250-253], which contains triplets with a neutral and two charged L* leptons
that are assumed to be degenerate in mass. Their decays into ordinary third-generation
leptons are suppressed, so that only the easier final states with e/u that have higher sen-
sitivity are considered. The dominant search channel is pp — LT*N — W*yW T+, where

2For Majorana neutrinos see e.g. refs. [238-245].
30There are similar CMS analyses [249], but only at /s = 7TeV and hence with reduced sensitivity.
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one W boson decays leptonically and the other hadronically, resulting in same-sign or
opposite-sign lepton pairs in the final state. In a subsequent analysis [248], the additional
pp — LTL~ channel has been considered as well as the decay mode L* — Z¢*, which
leads to three-lepton final states. In addition, a different model was considered with a
single charged vector-lepton state that we denote by one-VLL.

For heavy leptons with masses my = 200 GeV, the cross sections assumed in the
ATLAS analyses at /s = 8 TeV were 34 fb and 844 fb for the one-VLL and Type-III seesaw
models, the huge difference being mainly due to the fact that Type-III has both charged
and neutral leptons than can be produced in the pp — LT N process. The 95% confidence
level exclusion limits obtained by ATLAS are then m; 2 170 GeV in the one-VLL model
and my = 400 GeV in the Type-11I model.

In our analysis, we will assume a lower bound on the charged vector-like lepton mass
of mg = 400 GeV and sometimes we will fix mpg to this specific value in order to enhance
their loop contributions to the ®v~ couplings, as can be seen from figure 3. For the neutral
vector-like lepton, a comparable mass my ~ mpg will be assumed in general, though
sometimes one can consider a relatively smaller mass in order to allow for the (possibly
invisible) decay ® — NN. We note that, if my < mpg + My, the E decay will be more
involved and the experimental constraint on mpg would become much weaker.

The case of vector-like quarks is completely different, since the bounds on their masses
from negative searches at Run 1 of the LHC are much more severe. This is particularly true
in the case of vector-like partners of the top and bottom quarks. Indeed, depending on the
decay branching fractions, one has for instance the bounds my > 950 GeV for a branching
ratio BR(T' — ht) = 1 and mp > 813 GeV for if BR(B — Wt) = 1 [155-158]. (Similar
limits can be set on quarks with exotic charges that we do not discuss here.) Although
these limits are model-dependent, we assume as a general rule that vector-like quarks are
heavier than about 800 GeV to 1TeV, in order to evade these bounds.

4.3 Production of vector-like fermions in pp collisions

We discuss now the production of the new fermions at hadron colliders. First, because
they couple to gluons like ordinary quarks, vector-like quarks can be pair produced in the
strong interaction process pp — QQ with rates that depend only on the heavy quark mass
mq and the strong coupling constant o, = g2/4m. As can be seen from figure 17b, two
processes are in play, q¢ annihilation and gg fusion, with the latter largely dominating at
higher-energy colliders for relatively small quark masses. The partonic cross sections at

leading order (LO) are given in term of the velocity Sg = /1 — 4mé /8 by [254-258]

2
50— QQ) = B3~ 5R).
2
(99 — QQ) = Zg‘s iﬁQ(ﬁé — 263 +143) + (33 — 1863 + 54 log 1 f gg} . (4.5)

The total hadronic cross section, i.e., after folding with the parton luminosities which are
chosen here to be those of the MSTW2008 fit [106], is shown in figure 18 as a function of
the heavy quark mass for several pp collider centre-of-mass energies /s = 8,13, 14,33 and
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Figure 18. The production cross sections in pp collisions of vector-like quark pairs as functions
of the mass for several collider energies. Only the LO contributions are included and the MSTW
parton distributions have been adopted.

100 TeV. For the value mg = 1TeV that is close to the experimental lower bound, the cross
section, which is at the few fb level at /s = 8 TeV, increases by one order of magnitude at
/s = 13 or 14TeV and by four orders of magnitude at /s = 100 TeV. For higher quark
masses, the increase of the rate with energy is even steeper. For instance, the production
rate of about 100fb at /s = 100 TeV for mg = 3TeV is five orders of magnitude larger
than at /s = 14 TeV. This clearly shows the advantage of a higher energy proton-proton
collider. Note that we have evaluated the rate only at the leading order. At NLO in QCD,
supplemented by the next-to-leading threshold logarithmic corrections (NLO+NLL), one
has to multiply the production rate above by a factor K ~ 1.5 at the LHC [259] for heavy
quark masses between 1 and 2 TeV.

Vector-like leptons can also be pair produced in proton-proton collisions via their
electroweak couplings to V' = ~, W/Z bosons in the Drell-Yan process ¢§ — V* — LL [260],
figure 17c. The cross section for the g7 — LL subprocess where L can be either a charged

1/2

E or a neutral N lepton with a velocity 81, = (1 — 4m?2 /3)!/? reads

2w

9s

2 4 2,2
2eqervgvr,  (ag +vg)vz

5(qq — LL) = :
= E T3/ (- M3

BL(3— 1) |ezei + (4.6)
In the case of an electrically-charged F state, both the v and Z boson channels and their
interference have to be considered, while only the channel with Z boson exchange has to
be considered for a non-singlet neutral lepton N (an iso-singlet would not couple through
the usual gauge interactions). In addition, one could produce pairs of charged and neutral
leptons via the exchange of a virtual W boson, ¢¢ — W** — E*N. For comparable
masses, mg ~ my, the cross section is simply given by

4ra? Br(3 —B?) " 1
95 (1— M2 /32 " 8sh’

6(q¢ — LN + LN) = (4.7)

where we assume unit CKM-like matrix elements for simplicity.

— 36 —



10 T — 1 ‘_
o(pp—LL) [pb] o(pp—LL) [pb]
my, = 0.4 TeV myp, = 0.8 TeV
1k 01} T ;
EE
NL
0.11
0.01
0.01 F
0.001 |
0.001 ‘ ‘
5 5 ] 14 33 100

Vs[ TeV]

Figure 19. Cross sections in pp collisions for the pair production of vector-like lepton pairs as
functions of the centre-of-mass energy for two values of the lepton mass: my, = 400 GeV (left) and
my, = 800 GeV (right). The produced particles have the following electric charge and weak isospin
assignments: L(—1, —%), N(O,—|—%) and F(—1,0).

The cross sections for producing pairs of vector-like charged and neutral leptons of
masses my, = 400 GeV and my = 800 GeV are shown in figure 19 as functions of /s.
(Here also, we omitted the enhancement factor K~ 1.5 due to QCD corrections [261-263]).
The heavy leptons considered are those of Model 4 discussed in section 2, which have
the following assignments for electric charge and weak isospin L(—1,—3%), N(0,+3) and
E(—1,0). One notices that, because of the smaller electroweak gauge coupling compared
to the QCD coupling, the cross sections for vector-like leptons are three to four orders
of magnitude smaller than those for vector-like quarks. In addition, the rates are much
smaller for the neutral-current processes with the photon and/or Z exchanges than for the
charged-current W exchange. While the cross sections for NN, LL, EE production are
comparable and barely reach the fb level for my = 400 GeV at the 8 TeV LHC, they are
a factor 20 larger for VL production. The latter process is thus the best probe of vector
leptons in pair production. Note again that the cross sections increase by about two orders
of magnitude when moving from /s = 8 TeV to /s = 100 TeV.

Let us finally mention that, for my = 200 GeV, the cross section for single N/ and
associated NL pair production at the LHC with /s = 8 TeV are, respectively, o(pp —
NI+ NI) = 15fb and o(pp — LT N) =~ 600fb. These values will be needed when we will
discuss the sensitivity of future searches on the vector-like fermions.

The other important set of processes for vector-like fermion production is provided
by single production through mixing. In the case of vector-like leptons, the situation is
rather simple, as there is only one relevant process which is ¢q¢g — V* — L{ where the
intermediate state can be either a W or Z boson, see figure 17d (left). For instance, the
partonic cross section for the production of a heavy neutrino in association with a charged
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Figure 20. Cross sections for the associated production of the heavy neutral vector-like leptons
with Standard Model leptons (left) and for the associated production of heavy vector-like quarks
and Standard Model quarks (right) as functions of the heavy fermion masses. In both cases, the
mixing angles have been taken generically to be ¢2 = 1072 and the rates are shown at various
collider energies.

ordinary lepton is simply given by

Ta? (1 - M?V)Q(l + %/ﬁv) 512/[/]\[[

6(gq = NE+IN) = o2 (1-M2Z/3)?2 sk °

(4.8)

where iy = my/v/5. This is the cross section that led to the constraints my > 200 GeV
for &4, ~ 0.01 derived by the CMS collaboration in the search for Majorana neutrinos
decaying into two same-sign muons and jets [246]. The cross sections for other leptonic
final states can be obtained by simply adapting the couplings.

The production rates in the process pp — N¢ + /N are shown in the left-hand side of
figure 20 for various collider energies as a function of the heavy lepton mass for a mixing
angle €2 = 1072, They are not too small and, for my = 400 GeV, they increase from the
level of 1fb at /s = 8 TeV to about 100fb at /s = 100 TeV. The chances of observing
such a process are therefore not negligible at very high energy pp colliders.

There are also processes for the single production of the vector-like quarks in association
with their light quark partners through mixing as seen above for leptons. The rates are
indeed suppressed by the small mixing angles but, for high masses, some compensation is
provided by the more favourable phase space, compared to the pair production channels.
Several single production processes exist but we will consider the two which should, in
principle, lead to the largest cross sections.

First are the processes in which the production occurs through the virtual exchange
of the V' = W, Z vector bosons. There is the possibility of s-channel Z boson exchange in
qq — Qg but also W exchange in q¢ — Q¢ as already mentioned for vector-like leptons.
These diagrams lead in general to contributions o 1/§, given by an expression similar to
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eq. (4.8), that are small. There are also contributions that are generated by the exchange
of the V= W, Z bosons in the t-channel and which involve the mixing between the heavy
@ and the initial state light ¢ parton; see figure 17¢ (right). This gives rise to an extremely
large enhancement of the cross section, which can be approximated in this case by

2
590 = 4Q) = o G0 (V2 + )1 — W) F(0), (19)

where v = M‘% /8, p? = mé /8 and ag, v,y are the full axial and vector V¢q couplings: a, =
213 /(dewsw) and vy = (213 —4egs}y,) /(dewsw) for the Z boson and aq = vy = 1/(2v2sw)
for the W boson. The function F(z), obtained when only the leading contributions at high
energies are included, is given by (the complete expressions can be found in ref. [229])

1
F(x) ~ . + 2log (4.10)

1
z(l—p?)
Note that in eq. (4.9) above the generic parton ¢ stands for both quarks and antiquarks.

The cross sections of the pp — ¢@Q mechanism (they have been multiplied by a factor
of two to obtain the rates for the charged conjugate process with Q), where Q is a “first
generation” vector-like quark that couples to the u quark with a mixing angle £ = 1071,
are displayed in the right-hand side of figure 20 as a function of mg for the usual collider
energies. As can be seen, they are quite substantial for the assumed mixing and at the LHC
with /s = 14 TeV, one obtains cross sections of the order of 100 fb (10 fb) for m¢g = 1.5 TeV
(2TeV). For such masses, the rates are much larger than for pair production, despite the
mixing and the smaller electroweak coupling. The rates increase more rapidly with centre-
of-mass energy and for mg = 5TeV the cross section is still at the pb level at a 100 TeV
collider for the chosen mixing angle ¢ = 1071,

A second process that is relevant for single vector-like production is the associated
production with a vector boson, q¢g — V@ with V = W, Z. There are two channels
involved in this mechanism: one in which the ¢g pairs annihilates through the s-channel
exchange of ¢* which splits into the V() pair, and another in which the heavy quark @ is
exchanged in the t-channel; see figure 17e. The total production cross section, in the limit

5,mq > My which is appropriate in our case, is given by the very simple expression?!
5 1% oGy 14202 + 215 log — — =(1 — u2)(3 4+ Tyi2 4.11
6(qg = VQ) = ——L & gouo | (1 + 2u) + 2ug) log — (1= pp)(3+T7ug)| (4.11)
12v2 py 2

with G, the Fermi coupling constant, gy = V2 and gz = 1/ey and again pg = mg/ V.
We have evaluated the cross sections in the case of a heavy vector-like quark @ that couples
to the first generation u,d quarks with final states involving both the W and Z bosons
with masses that have been neglected (when folding with the parton distributions, we have
thus summed over all first generation quark and antiquark contributions). The results for

3L All these processes for single vector-like quark production are similar to those involved in single top
quark [264-270]. Surprisingly enough, we did not find in the literature the simple formula of eq. (4.11) for
the total cross section in this specific single top production case.
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Figure 21. The production cross sections in pp collisions of single vector-like quarks in the process
q9 — QW and qg — QZ as a function of the mass for several collider energies; a mixing angle
& =0.1 is assumed.

the production cross sections are displayed in figure 21 as a function of the mass mg for
several energies of the pp colliders and a mixing angle fixed to £ = 0.1.

Despite of the &2 suppression, the cross sections are extremely large. Already for a
1TeV quark, the rates at the /s = 14 TeV LHC are an order of magnitude larger than in
the QCD pair production process. At /s = 100 TeV, the rates relative to /s = 14 TeV
are of the same order, o =~ 25 pb, for a mass mg = 1TeV. But for higher ) masses, there
can be a huge difference: the rates for pp — VQ are larger than those of pp — QQ by an
order of magnitude for mg = 3 TeV and by three orders for mg = 10 TeV.

Hence, these single production processes are the most copious sources of vector-like
quarks and they allow to probe mixing angles that are very small (more than an order of
magnitude smaller than £ = 0.1). With such large rates, one could even probe second and
third generation heavy quark if inter-family mixing is not prohibitively small.

We close this section by discussing the sensitivity of future searches at the LHC and
at higher-energy pp colliders to the masses and couplings of the vector-like fermions. The
LHC experiments have already searched for the coloured heavy quarks during Run 1,
with exclusion sensitivity to masses above 800 GeV [155-158] from pair production as
discussed above (we will not discuss single production which is more model-dependent). In
order to extrapolate this sensitivity to higher energies and luminosities, we assume that a
similar number of events would be required at another centre-of-mass energy, while noting
that more efficient multivariate discrimination and boosted techniques might lead lead to
improved sensitivity at the future LHC runs and higher-energy pp colliders.

Neglecting this possibility of improved analyses techniques and simply considering the
cross sections for the pair production processes discussed in the previous subsection, we have
evaluated the prospective sensitivities to heavy vector-like quarks at the LHC with various
energies and luminosities and at higher-energy pp colliders. Our results are summarised in
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Vector-like quark mass sensitivity Vector-like lepton mass sensitivity
model | 100fb~! 300fb~! 300fb~! 20ab~! | 100fb~! 300fb~! 300fb~! 20ab~!
13TeV 14TeV 33TeV 100 TeV 13TeV 14TeV 33 TeV 100 TeV

1 1.4 1.7 3.1 11.7 -
2 1.5 1.8 3.4 12.7 -
3 1.6 2.0 3.7 13.7 -
4 1.6 2.0 3.7 13.7 0.56  0.73 1.7 5.3

Table 3. Prospective model sensitivities to massive vector-like quarks (left) and leptons (right)
[with the particle masses in TeV] in the indicated pp collider and scenario.

table 3 in the four models with vector-like fermion content discussed in section 2. We have
used the facts that Models 2, 3 and 4 have, respectively, twice, four times and four times
as many heavy quark degrees of freedom as Model 1.

As can be seen, depending on the considered model, sensitivities to vector-like quark
masses between 1.7 TeV and 2.0 TeV can be reached at the LHC with /s = 14 TeV and
300fb~! of data. Thanks to the huge increase in the production cross sections when moving
to higher centre-of-mass energies, the sensitivity improves by a factor of approximately 8
at a pp collider with /s = 100 TeV energy and 20 ab~! of data, allowing one to probe
vector-like masses higher than the 10 TeV level; see also ref. [41].

Turning to vector-like leptons, future sensitivities may be derived from the ones ob-
tained by the ATLAS collaboration in searches at the 8 TeV LHC with approximately
20fb~! of data in the Type-III seesaw model discussed previously [247, 248] and which
led to a bound my, 2 400 GeV in this model (assuming of course the specific multi-lepton
decay pattern which simplified the search and led to the quite stringent bound).

In the singlet Model 4 of section 2, which includes a family of vector-like fermions,
there are SU(2) lepton doublets with charged and neutral components and an SU(2) singlet
charged lepton. The cross sections at the LHC are o(pp — N1) =~ 13 fb (for £2 ~ 0.01) and
o(pp — LTN) =~ 6001b, i.e., ~ 30% smaller than those assumed by ATLAS to set the limits
that were discussed previously. The present sensitivity in Model 4 will be thus slightly worse
and, if the vector-like leptons are degenerate, may be assumed to be my, ~ 300 GeV from
pair production (the limit from single production depends on the mixing angle). Using
the same equal-sensitivity assumption as for vector quarks, we find the prospective future
sensitivities to vector-like leptons of Model 4 that are shown in the last column of table 3
for the LHC and for higher-energy pp colliders.

We conclude that hadron colliders have indeed some sensitivity to heavy leptons; see
also ref. [41]. Nevertheless, the sensitivities above should be taken only as indications,
as they are quite model-dependent. For instance, they are weaker if decays into third
generation leptons are allowed or even dominant. The sensitivity also weakens if there is
a mass difference between the neutral leptons that would lead to cascade decays. Finally,
if the lightest vector-like lepton is the dark matter particle and is thus stable, all these
searches become extremely difficult because the N lepton escapes detection.
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4.4 Production of vector-like fermions in ete™ collisions

We turn now to eTe~ colliders. Thinking that the vector-like leptons might be the lightest,
we focus first on lepton pair production: eTe™ — LTL™, which is kinematically possible
for mp, < %\/5 The total cross section for fermion pair depends on the electric charge and
the vector-like ZFF coupling given in eq. (4.1)

2ecepvevp (a2 4 v2)vk
1—-MZ/s  (1—MZ/s)?|’

_ 1
olete” = FF) = JONC§BF(3 — B%) |e2et + (4.12)

where N, is the colour number, oy = 47a?/3s is the point-like QED cross section for muon
pair production, S = (1 —4m% / 3)1/ 2 the velocity and the reduced couplings of the electron
to the Z boson are ve = (—1+4s¥,)/(4swew) and ae = —1/(dswew).

The cross sections for lepton pair production are shown in the left panel of figure 22
as functions of /s for the masses m; = my = 400 GeV. We note that in the case of
neutral vector-like leptons the cross section for et e~ — NN proceeds only through Z-boson
exchange, figure 17c, and the rate is in general much smaller than for charged leptons. For
Dirac particles the cross section rises as Sy close to threshold, whereas Majorana fermions
have a ﬁ?\r behaviour, like scalars, which could be a useful diagnostic tool.

We note that, since they have no axial couplings to the Z boson, there is no forward-
backward asymmetry in eTe” — LTL™, Apg o« ap = 0. Furthermore, the polarization
vectors of the heavy leptons have vanishing longitudinal components with respect to the
flight direction, whereas the transverse components are small and positive [229].

The right panel of figure 22 shows the pair production cross sections at /s = 3 TeV for
the vector-like fermions U, D, E and N as functions of mp. It is clear that a 3 TeV eTe™
collider such as CLIC would be able to produce copiously and study in detail any of these
vector-like fermions, even if they have masses close to the beam energy.

Single production of vector-like leptons is possible in eTe™ collisions in association
with the light Standard Model leptons, ete™ — Lz?tlf and ete” — N,u;, via the mixing
angles & [229, 271]. These processes are, in contrast to pair production, not democratic.
One would have, in terms of the reduced electron couplings, G, = —1 and v, = —1 + 43124,,

(1= p?)?(1 + 31%)
(1—2)? ’

_ 2
o(ete” = Ff) = ooNe—2d (a2 + 42) (4.13)
128cyy, sy
with p? = m%, /s and z = M% /s. In addition, for vector-like leptons with couplings to the
electron, one needs to include additional ¢-channel vector boson exchanges: W-exchange
for the neutral leptons and Z-exchange for the charged leptons; figure 17d. Complete
expressions for the angular distributions and the total cross sections for these processes in
the general case can be found in refs. [228, 229]. Here we simply give the dominant piece

in the limit where My, My < /s, with only the leading logarithms being retained:

o 32y o .
olete” — Fe) = 0064%6% (02 + a2)(1 — p?)F(2),
Cw Sw
olete™ = Nave) = 270 (@2 1+ a2)(1 — p?)F(w). (4.14)
165y,
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Figure 22. Left panel: cross sections for pair-production of the heavy vector-like charged and
neutral leptons at an ete™ collider as functions of the centre-of-mass energy /s for the mass values
my = my = 400 GeV, ordered with decreasing cross sections. In addition to the pair production
processes ete™ — NN, LtL™ with the isospin of the particles given in brackets, we also include
the pair-production of doubly-charged leptons, ete™ — LT+TL~~. Right panel: cross sections at
/s = 3TeV for the pair production of vector-like fermions U, D, E and N as functions of mpg.

where the function F is given in eq. (4.10). The cross sections are shown in figure 23 as
functions of /s for my = my = 400 GeV, assuming &2 = 102 for all mixing angles. They
are much smaller in the case of neutral and charged leptons with couplings only to the
second- and third-generation Standard Model leptons, since the cross sections for vector-
like leptons coupled to electrons are enhanced by some two to three orders of magnitude
thanks to the t-channel exchanges. This effect is particularly marked for neutral vector-like
leptons, where rates of the order of 1 pb for Ny, + 7. N production can be obtained for
mixing angles ¢ = 1072, larger than in pair production, which is not mixing suppressed.
The reason is that there is a contribution that grows like 1/w = s?/M3, and another like
log(1/w). The cross section for charged vector-like leptons is an order of magnitude less as
a result of the smaller Z couplings, is nevertheless also significant.

Regarding their detection, as mentioned previously, these fermions decay through mix-
ing into gauge bosons and ordinary leptons, LT — (*Z vW®* and N — vZ,e*WT, with
rates that are in general twice as large for the charged decays as for the neutral ones.
There are potentially also decays involving the light A boson in the final state, which have
magnitudes that are strongly dependent on the mixing pattern. If only these decays are
considered, detecting the vector-like leptons in an eTe™ environment is not a problem,
provided that the production rates are large enough (such decays involving leptons and
missing energy could be relatively easily detectable even at pp colliders).

However, there is a special and more complicated situation that could be of interest.
If the lightest vector-like fermion is a neutral lepton, it might be (meta-)stable and a
candidate for the dark matter particle. This vector-like lepton would be invisible and
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Figure 23. Cross sections for single production of the heavy vector-like charged and neutral leptons

+

in association with ordinary leptons at an eTe™ collider, as functions of the centre-of-mass energy

/s for the mass values my = my = 400 GeV, assuming mixing £? = 10~2 with ordinary leptons e
or p, 7. The cross section in the case of vector-like quarks with the same mass is also shown.

escape detection, except in a ‘neutrino counting’ experiment where the heavy neutrino is
pair-produced in association with a photon radiated from the initial state, efe™ — NN~.
However, the charged vector lepton E could decay into the neutral one and a W boson,
which would be off-shell if the mass difference mp — my is small, E— NW*— N ff, with
the N state again escaping detection. These channels with soft leptons and a large amount
of missing energy will be more difficult to probe (in particular at hadron colliders) since
they have signatures similar to supersymmetry with a compressed spectrum.

Finally, a very interesting set of processes for the vector-like leptons would be produc-
tion in association with a Higgs boson,? ete™ — LL + Higgs, taking advantage of the
large Yukawa couplings oc m, /v. Most favoured by phase space is the process ete™ — hLL
with h the standard-like Higgs boson with a mass M) = 125 GeV. This is similar to the
associated tth processes discussed in ref. [204, 205], and the cross sections are shown in the
left panel of figure 24 as functions of /s, again for a mass mjy = 400 GeV.

We consider the cases of the N state with isospin —i—% and the L=, L™~ states with
isospin —%, and assume that the Yukawa couplings are simply proportional to the vector-
like lepton masses Yz, = Y, = m;/v. Here, the dominant contribution to the cross section
comes from vector-like lepton pair production through s-channel v and Z exchange, with
one of them emitting the h boson, ete~ — LL* — hLL, and this is the only contribution
retained in the figure. As expected, simply because of the electric charge, the largest cross
section is obtained for L™, followed by that for L™ and then that for N. One has rates of

32In addition, vector-like lepton production in association with a vector boson might be important. As
the cross sections for ete™ — WTW ™ and ZZ production are rather large, the emission of heavy plus
light leptons by virtual V bosons through mixing, eTe™ — VV* — V L{, might lead to rates that are not
negligible compared to the single production processes, in particular for heavy leptons that do no mix with
the electrons and whose rates are thus not enhanced.
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Figure 24. Cross sections for production of the heavy charged and neutral vector-like leptons
in association with the Standard Model-like h boson (left panel) and the & = H/A states (right
panel). We assume mj = my = 400 GeV and consider the L=, L™, N cases with standard-like
Yukawa couplings o m;/v.

a few fb to a few tens of fb at centre-of-mass energies /s =~ 1.5 TeV, where the phase space
and the 1/s behaviours are not too penalizing.

Another mechanism is ® = H, A production in association with a pair of heavy leptons,
ete” — LL® (there is also single production in the channels eTe™ — L{®, but this is
suppressed by the mixing in addition to phase space) and the rates are shown in the right
panel of figure 24 for the L=~ , L™, N lepton and H/A cases. Except for the phase-space
suppression, the production rates follow those of the hLL processes, dominated by the
ete”™ — LTTL7~® channel, for which the cross section can reach thefb level. This is the
case for production with the H state, in particular, as the rate is twice as large as in the
case of A for energies below 3 TeV where the chiral limit is not yet attained.

We close this section by noting that the charged vector-like fermions can also be pair
produced at photon colliders in the processes vy — FF, which would be particularly
interesting for doubly-charged leptons since the production rates are proportional to e%;
for singly charged leptons, the rate is a factor of four higher than for the scalar case shown
in figure 15. Heavy leptons having couplings to the electron can also be singly produced in
the ey option of linear eTe™ colliders and the relevant processes, ey — NW and ey — EZ
(similar to figure 17e), might have large rates for not too tiny mixing angles.

5 Conclusions

The first question for the continuation of LHC Run 2 is whether the initial hint of the
750 GeV @ resonance decaying into two photons will be confirmed. If so, measurements of
its strength and width would provide information on the parameters of the state (or states)
that could discriminate between different models. For example, the 2HDM benchmark
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® = singlet resonance

Two Higgs doublet model & = H/A

production detection channels | production detection channels
PP gg — @ Yy, L, L L WW gg — @ Yy L, L L WW
gg tt, HEW (?)
qq — qq® all main modes pp — tHtP all main modes
qq —> Vo all main modes pp — AH, HH, AA all main modes
pp — thH* all main modes

pp — H+H_,Hi<1> all main modes

o=@ YVNZL, ZZ,WW | 4y — @ tt, v (?)
vy — HTH™ all main modes
ete” | ete” — Z®,v® all main modes ete” - HA all main modes
ete™ — dU all main modes ete™ — ttd all main modes

ete- > HYH™ all main modes

Table 4. The principal production channels and detection modes of the ® in singlet scenarios
(left column) and in two Higgs-doublet models (right column, in the exact alignment limit and
with ® = H/A) that could be probed at the various colliders discussed in this paper: a pp collider
with a c.m. energy from /s = 14 TeV (LHC) to 100 TeV, a ¥y collider running at an energy of
/s =T50GeV and an ete™ collider with an energy /s = 1 TeV to 3TeV.

models studied here suggest that there may be two near-degenerate ® states, with natural
widths greater than the experimental resolution, yielding an asymmetric lineshape. As
follow-ups, more detailed measurements would be possible at a higher-energy pp collider,
and it would be possible to make a precision measurement of I'(® — 7+) via v collisions
at an eTe™ collider with centre-of-mass energy ~ 1TeV [23-26], as discussed in sections 2
and 3. A summary of the principal production and decay channels that can be probed at
these colliders in the singlet and two-Higgs doublet scenarios is displayed in table 4.

In the case of the 2HDM benchmarks, the decay ® — tt decay would be dominant,
and its detection may lie within reach of the LHC experiments. One should also search
for the other diboson decays of the ® state, ® — Zv, ZZ and WTW ~, which would help
distinguish between different singlet models as seen in table 1, as well as other fermionic
decay modes such as bb and 777~ that could show up in the 2HDM benchmarks, along
possibly with the interesting H — hh and A — hZ channels. If invisible ® decays occur,
the missing energy can be searched for in the gg — ®+ j channel and, in the doublet
case, associated tt® production could provide an additional probe. Thorough searches for
these decay modes will require high-luminosity running for the LHC [21, 22] followed by a
higher-energy pp collider such as HE-LHC [38], SPPC [39] or FCC-hh [40].

A common feature of the benchmark scenarios considered here is the need for ad-

ditional vector-like matter particles, which we assume to be fermions. As discussed in
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production mechanism generating interaction
pp 99/97 = QQ QCD gauge interaction
99 = Qq,9q9 — Qq,q99 — QV  quark mixing
qG— EtE~,NN,E*N electroweak interaction
qG — IN,(E* lepton mixing
Yy vy — EYE~ electromagnetic interaction
ete” | efe” = ETE~,NN,QQ gauge interactions
ete™ — Ete®* Nv,Qq fermion mixing
ete” - EYE~h,NNh gauge + Yukawa interactions
ete” > EYE-® NN gauge + Yukawa interactions

Table 5. The principal production channels for the vector-like quarks @ and leptons E, N in pp, vy
and eTe™ collisions discussed in this paper, and the interactions that generate the processes: QCD
or electroweak gauge interactions for pair production, fermion mixing for single production and
Yukawa interactions for associated production with scalar bosons.

section 4, future LHC searches for these particles are very promising, with the capability
to explore all the parameter spaces of some singlet models. Measurements of pair produc-
tion of vector-like fermions at e™e™ machines are also promising, particularly for vector-like
leptons. These may well be lighter than vector-like quarks, which could help explain the
magnitude of the & — ~~ signal: see figures 3 and 6. Single production of vector-like
fermions in association with Standard Model fermions would have lower thresholds than
pair production, and hence may be more accessible to the LHC and/or an eTe™ collider,
depending on the magnitudes of their mixing with their Standard Model counterparts. Sin-
gle production processes would be very interesting for measuring their mixing, and thereby
constraining models of the vector-like fermions. A summary of all the processes for the pro-
duction of the vector-like quarks and leptons at the various high-energy colliders discussed
in this paper, with a mention of the interactions that generate them, is given in table 5.

The 2HDM benchmark scenarios have the distinctive feature that they predict the
existence of two neutral Higgs bosons H, A contributing to the ® signal, as well as a pair
of accompanying charged Higgs bosons H*. The two H, A states would not be exactly
degenerate. A typical separation is ~ 15 GeV, which might also help explain the hint of a
non-negligible width for ® reported by ATLAS. The LHC and other experiments might be
able to resolve the ® structure into two peaks, each with a measurable natural width. As
discussed in section 3, there are many interesting opportunities to search for pair production
of the H, A and H™ states in pp collisions, as well as their production in association with
W, Z or h bosons, or tt pairs. Similar final states may also be accessible in eTe™ collisions,
as may various processes for H* production. CLIC [27], with its centre-of-mass energy up
to 3 TeV would be particularly well placed for such studies.

We have in this paper barely skimmed the surface of the physics possibilities that would
be opened up if the existence of the ® state is confirmed. Such a discovery would open a
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new era in particle physics, with a new layer of degrees of freedom at the TeV scale. If the
® discovery is confirmed, it will shine a new light on options for possible future colliders,
placing a premium on those with sufficient energy to produce the new particles, while also
suggesting a new motivation for precision low-energy experiments. We await with interest
the verdicts of the ATLAS and CMS Collaborations.
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