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ABSTRACT: Like many other models, Composite Higgs Models feature the existence of
heavy vector-like quarks. Mixing effects between the Standard Model fields and the heavy
states, which can be quite large in case of the top quark, imply deviations from the SM.
In this work we investigate the possibility of heavy bottom partners. We show that they
can have a significant impact on electroweak precision observables and the current Higgs
results if there is a sizeable mixing with the bottom quark. We explicitly check that the
constraints from the measurement of the CKM matrix element Vy, are fulfilled, and we test
the compatibility with the electroweak precision observables. In particular we evaluate
the constraint from the Z coupling to left-handed bottom quarks. General formulae have
been derived which include the effects of new bottom partners in the loop corrections
to this coupling and which can be applied to other models with similar particle content.
Furthermore, the constraints from direct searches for heavy states at the LHC and from
the Higgs search results have been included in our analysis. The best agreement with all
the considered constraints is achieved for medium to large compositeness of the left-handed
top and bottom quarks.
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1 Introduction

The announcement of the discovery of a new scalar particle by the LHC experiments
ATLAS [1, 2] and CMS [3, 4] has marked a milestone in elementary particle physics. Since
then, the properties of the particle have been investigated and strongly suggest it to be the
Higgs boson, i.e. the particle related to the Higgs mechanism. So far no new additional
particles have been discovered which could help to clarify the question which is the dynamics
behind electroweak symmetry breaking (EWSB). It could be weakly interacting like in the
Standard Model (SM) or in its supersymmetric extensions. The Higgs particle could also
arise as pseudo Nambu-Goldstone boson (pNGB) from a strongly-coupled sector [5-11], as
is the case in Composite Higgs Models. In the Strongly-Interacting Light Higgs (SILH) [12]
scenario there exists a light, narrow Higgs-like scalar, which is a bound state from some
strong dynamics. Due to its Goldstone nature, the Higgs boson is separated from the
other usual resonances of the strong sector by a mass gap. The low-energy particle content



is the same as in the SM. In Composite Higgs Models the problem of the fermion mass
generation is solved by the idea of partial compositeness [13, 14]. The SM fermions are
elementary particles which couple linearly to the heavy states of the strong sector that carry
equal quantum numbers. In particular the top quark can be largely composite. The linear
couplings of the SM particles to the strong sector explicitly break the global symmetry of
the latter and the Higgs potential arises from loops of SM particles, with the top quark
giving the main contribution. In order to naturally accommodate a low-mass Higgs boson of
~ 125 GeV the top partners should be rather light, with masses < 1TeV [15-21], depending
on the model and the scale of compositeness. This bound can be relaxed somewhat by
contributions from new heavy gluons [22]. Heavy vector-like resonances in this mass range
can be produced and searched for at the LHC [23-43].

The SILH [12] Lagrangian arises as first term of an expansion in ¢ = v?/f? < 1,
where v is the scale of EWSB and f is the typical scale of the strong sector. It can be
used in the vicinity of the SM limit given by ¢ — 0. For larger values of ¢ a resumma-
tion of the series in £ is required. Explicit models built in five-dimensional warped space
can provide such a resummation. In the Minimal Composite Higgs Model (MCHM) of
ref. [44], which is based on a 5-dimensional theory in Anti-de-Sitter space-time, the bulk
symmetry SO(5) x U(1)x x SU(3) is broken down to the SM gauge group on the ultraviolet
(UV) boundary and to SO(4) x U(1)x x SU(3) on the infrared (IR). The mixing effects
between the SM fields and the heavy states of the new sector, which arise at tree-level,
lead to sizable deviations from the SM predictions. Composite Higgs Models are therefore
mainly challenged by the electroweak precision tests (EWPT) [45-47]. Particularly strong
constraints can arise from the Zbrbr coupling, which has been measured very precisely
and agrees with the SM prediction at the sub-percent level. With the top quark mixing
strongly with the new sector, the left-handed bottom quark b;, which is in the same weak
doublet as t, receives large modifications of its couplings. The Zby by, coupling is safe from
large corrections if the fermions are embedded in fundamental 5 or 10 representations of
SO(5), where by, belongs to a bi-doublet (2,2) of SU(2)z x SU(2)g, and the SO(4) symme-
try is enlarged to O(4) [48]. Subsequent investigations including the fermion composites
in full representations of the SO(5) [49, 50] and extended to models with multiple sets of
fermionic composites [51] showed that Composite Higgs Models can fulfill the constraints
of EWSB. Further constraints on these models come from flavour physics. Four-fermion
operators that arise in Composite Higgs Models contribute to flavor-changing processes
and electric dipole moments. The flavour structure of the strong sector cannot be pre-
dicted through naturalness considerations, and a variety of flavour implementations can be
realized [52-69].

The Composite Higgs couplings to the SM particles are changed with respect to the
ones of the SM Higgs boson. In the MCHMs of refs. [15, 44, 70] they can be parametrized
in terms of a single parameter £. These coupling modifications change the Higgs boson
phenomenology [71-81]. With the top quark being a composite particle, mixing effects
with the heavy top partners induce further changes in the top-Higgs Yukawa coupling. In
addition top partners running in the loops of the loop-induced Higgs couplings to gluons and
photons could lead to sizeable corrections of these vertices. It has been shown [74, 79, 82—



85], however, that these vertices depend on the pure non-linearities of the Higgs boson and
are not sensitive to the details of the resonance spectrum. By applying the low-energy
theorem (LET) [86-88], it can be shown that the corrections to the Yukawa coupling and
the contributions from the extra fermion loops cancel each other, so that the loop-induced
couplings only depend on v/ f. The bottom quark, being the next-heaviest quark, implies
a sizable mixing with the strong sector also for the bottom. In this case, due to the small
bottom mass, the LET cannot be applied any more and the Higgs loop-couplings to gluons
and photons will depend on the resonance structure of the strong sector, with significant
implications for the Higgs phenomenology [83, 85, 89].

The aim of this paper is to study the implications of composite bottom quarks on the
viability of Composite Higgs Models and on the LHC Higgs phenomenology by introduc-
ing a minimum amount of new parameters. For this purpose the fermions are embedded
in the 10, which is the smallest possible representation of SO(5) that allows to include
partial compositeness for the bottom quarks, while being compatible with the EWPTs by
implementing custodial symmetry. The outline of the paper is as follows. In section 2 we
present the model. In section 3 the new contributions to the electroweak precision observ-
ables due to the composite nature of the b-quark and to the additional heavy resonances
are computed, in particular the new contributions to the loop corrections of the Zbrby,
coupling. We then perform a y? test to investigate the compatibility of the model with the
constraints that arise from electroweak precision measurements. Section 4 is devoted to the
constraints from the LHC Higgs results and the direct searches for heavy fermions. In order
to compare with the experimental best fit values to the Higgs rates, the Higgs production
and decay processes are calculated for the model. Likewise the mass spectrum of the heavy
fermion sector and the decay widths of the new resonances are computed and confronted
to the LHC searches for heavy fermions. A brief discussion on implications from flavour
physics is included. In section 5 we present our numerical results. The x? test taking
into account the EWPTs and the newest experimental measurement of the CKM matrix
element V}, is extended to include the latest Higgs rates reported by the experiments. Our
results are summarized in the conclusions, section 6.

2 The model

The models given in refs. [15, 44] have been constructed in terms of five-dimensional theories
on Anti-de-Sitter space-time and provide a resummation for large values of £. In the
following we will work in the simplest model including custodial symmetry and allowing
for the inclusion of bottom quarks as composite objects. We will show the effects of heavy
bottom partners for a minimal SO(5) x U(1) x /SO(4) x U(1) x symmetry breaking pattern,
where the additional U(1)x is introduced to guarantee the correct fermion charges. The
electroweak group SU(2);, x U(1)y of the SM is embedded into SO(4) x U(1)x with the
hypercharge Y given by Y = T3 + X. The coset SO(5)/SO(4) provides four Goldstone
bosons, three of them are the longitudinal modes of the vector bosons and one is the Higgs
boson. The four Goldstone bosons can be parameterized in terms of the field

> = Sgexp(Il(z)/f), %o = (0,0,0,0,1) , (z) = —ivV2T%% ),  (2.1)



with 7% (@ = 1...4) denoting the generators of the coset SO(5)/SO(4). They are given by

uﬂﬁz—%(ﬁg—gﬁ). (2.2)

Together with the generators of the SU(2)z g (a,b,c=1,2,3,4,j =1,...,5),
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they form the generators for the fundamental representation of SO(5). This leads to the
explicit expression for the Goldstone field X,

_ sinh/f
h
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The low-energy physics of the strong sector can be described by a non-linear o-model. The
kinetic term of the Goldstone field can then be written as

f2

(Du2) (DPS)" | with D, = 8,8 —ig'B,S(Tj + X) —igWiSTf , (2.6)

where W7 and By, are the electroweak SU(2) and U(1) fields, respectively, with the corre-
sponding couplings g and ¢’. In the unitary gauge the vacuum expectation value (VEV)
can be aligned with the direction of h4 which is identified with H = h4, so that

¥ =1(0,0,0,sin(H/f),cos(H/f)) , (2.7)

and we get for the kinetic term

o = oo+ L (2 [2wrwn 4 9 gny (2.8)
kin = 5%k 4 f #” 2 cos? Oy o ’
Expanding eq. (2.8) in powers of the Higgs field H = (H) + h, and identifying
2
v o (H)
&= <) = sin? =L ) 2.9

one obtains the couplings to the gauge fields in terms of the corresponding SM couplings
(V =W,2)

gy = gy V1 - €, gravyv = gy (1 —26) (2.10)

and the usual mass relation m%, = g%v?/4, with v = 1/v/GpVv/2 ~ 246 GeV.

New fermionic resonances in Composite Higgs Models are expected to be well below
the cut-off of the effective theory in order to accommodate a Higgs boson with mass mj, =~
125 GeV [16-21]. Fermion mass generation is then achieved by the principle of partial
compositeness, in which an elementary fermion acquires its mass through the mixing with



w | up | 14 Ty d | dy dy | X | x1 | xa
Tspy | 0 | 0 [-12]1/2 ] -1 | 0 [-1/2] 1 | 0 |12
2 | 1 | 0 [1/21/2] 1| 0 [1/2] 1|0 |1/2
T3 r 0 0 1/2 | -1/2 0 -1 -1/2 0 1 1/2
2 00 |1 |1/2]1/2] 0| 1 [1/2] 0| 1 |12
v 23123 76 | 16 |2/3]-1/3] 1/6 | 2/3]5/3 ] 7/6

Table 1. Quantum numbers of the new vector-like fermions under SU(2) 1, x SU(2)g. The last line
is the hypercharge.

new vector-like fermions of the strong sector. This can be implemented in the Lagrangian
through linear couplings of the elementary sector with the strong sector. The quantum
numbers of the new fermion must be such that the Lagrangian is invariant under the SM
gauge group. A large, phenomenologically interesting mixing occurs if the SM fermion is
heavy, which makes the discussion of the third generation quarks the most interesting.!
Previous works, as e.g. refs. [50, 51, 84], have studied the mass generation of the top quark
through mixing, while the bottom quark was taken massless or introduced ad hoc. The
purpose of this work, however, is to study the effect of bottom partners that arise when
the bottom quark mass is generated by mixing with the strong sector. This cannot be
achieved by introducing only a single fermion multiplet in the fundamental or spinorial
representation of SO(5). In the following we will therefore consider a 10,/3, which is the
smallest representation of SO(5) having the desired features. Note that since there is only
one multiplet giving a mass both to the top and bottom quark, no new parameters need
to be introduced compared to the previous models where a 553 is used to generate a mass
for the top quark. If there are no new resonances of the strong sector below the cut-off,
apart from the Higgs boson, the model displays the same phenomenology as the one with
fermions embedded in the fundamental representation, cf. ref. [15]. The 10 of SO(5) is a
two-index antisymmetric representation, which can be written as follows

0 —(utu1) M%Jrii(dl\/}x” d%(fdlgl da+xa
1 w1t 0 W—Tm_i_d%x i(dIJEX1)_i(Cf7§X> —i(da—x4)
Q=— _i(d1\;§x1)_i(65/*§x) _d1j§><1 _CH—TZX 0 wl—u ta+Ty (2.11)
m%f% 7“)(1/%%)4»% u—u1 0 —i(ta—Ty)
—da—xa i(da—xa) —ta—Ty i(ta—T1) 0

where the fermions w,u1,t4 and Ty have electric charge 2/3, d, d; and d4 have charge -1/3,
and the charge of x, x1 and x4 is 5/3. The decomposition of the 10 under SU(2);, xSU(2)r is

10=(2,2)® (3,1) @ (1,3) . (2.12)

The exact quantum numbers of each of the new fermions can be read off table 1. The

!Partial compositeness of the light quarks has been discussed in [85, 90] and of the leptons in [91].



Lagrangian including the new fermion multiplet Q then reads
L=iTr(QrPOR) +iTr(QLPOL) + iqrlPqL + ibrPbr + itpPtg
~ MiTr(QrQr) — uf (Z1QrQLT) +he. (2.13)
— Mtruir, — Mbrdir — Mg(Tar, dar)qr + hec.

where the SM doublet of the left-handed top and bottom quark is denoted by ¢qr, and the
right-handed top (bottom) quark by tg (br). The covariant derivative acts on Q as

D,Q = 8,Q —igW*[T}, Q] —ig' B([T}, Q + XQ) , X =(2/3)1, (2.14)

with the generators T} defined as in eq. (2.3). Note that the mixing terms with the coupling
constants Ag,\s and A, explicitly break SO(5). Using the abbreviations

sg =sin(H/f), cy = cos(H/f) (2.15)
and
- ]. 2 - 1 ]. 2 - 1 2
Mg = nysH—i—Mm , my = ify 1—§sH + Mg , Me = ifycH—i—Mlo , (2.16)
the terms of the Lagrangian in eq. (2.13), which are bilinear in the quark fields, can be
written as
tr, 0 0 0 0 Ag tr
ur, 0 g —Lfys% —Lfycusy —Lfycusn up
—Lm, = | wir N —ifysh Ma 1fycusy  §fycusu uir | +he.,
tar, 0 _*fyCHSH 4fyCH8H My —%fys% t4R
Tyr, 0 —ifycusu 1fycasy —53fysy My, Tyr
(2.17)
by 0 0 0 Ag br
d 0 m tfyst  fyioE d
Loy, = | P L, CHSH ol e, (2.18)
dir A —3fyse e —fYS A dir
dar, 0 fySl —fy<y mc dar
XL Mg 4fySH fyCHSH XR
~Lm, = | xiz —1fysy e —fycHSH xir | +he. . (2.19)
X4L fyCHSH —fySA e X4R

The mass matrices M;, M, and M, can be obtained by replacing the Higgs field in
egs. (2.17)—(2.19), encoded in sy and cpy, respectively, with its VEV, i.e. H — (H). They
are diagonalized by a bi-unitary transformation

(t/6/0 ) (t/b/%) di
(UE") Mo UR"™" = M (2.20)
where U gg/ X denote the transformations that diagonalize the mass matrix in the top,

bottom and charge-5/3 () sector, respectively. In our analysis we diagonalize them nu-
merically, setting the values of \; and A, such that the physics values of the top and bottom



quark masses are recovered. An analytic understanding of the size of the masses can be
obtained before electroweak symmetry breaking, i.e. for v = 0. The following rotations
diagonalize the mass matrices

qL cos ¢ singr qr _
(QL) — (_ Sin dy, cos ¢L> (QL) : tan gz, = Ag/(Mio + fy/2) ,

tr) [ cosére smomr) (R ) tan ¢re = Ae/Mio (2.21)
UIR —sin ¢pry COS PRy UIR

br CoS PRy SIn @Ry br _
(dm) - (- sin ¢ gy cos ¢Rb) <d1R> ’ tan ¢rp = Ao/Mio

with Qr = (Tyr,dsr,). The masses of the top partners are then found to be

M Mo + L2
10 5 D Mo+ Ty ; 0z (2.22)
COS PRy 2 cos ¢,
and the masses of the bottom partners
Mo Mo + %
Mo, (2.23)

If the new scale f is much larger than v an expansion in v/f of the mass matrices can be
performed. At leading order in v/ f, this yields for the top and bottom quark mass

v o, . v, .
Miop = yT sin ¢y, sin gy , Mpot = i—ﬁ sin ¢y, sin dpy, . (2.24)

We see, that in order to achieve the experimentally measured value of the top quark, ¢,
and tR cannot be too elementary at the same time. Furthermore, as the top and bottom
quark are in the same doublet, the compositeness of the left-handed bottom is directly
connected to the compositeness of the left-handed top. As sin ¢y cannot be too small in
order to reproduce the top quark mass, this implies that the right-handed component of the
bottom quark is mostly elementary, so that a small enough bottom mass can be achieved.
The first correction term to the top and bottom partner masses is of O(v?/f?). For the
charge-5/3 fermions the masses can be computed analytically even for non-vanishing v.
They are given by

Ty

Mo, Mo, M10+7. (2.25)

The Higgs coupling matrices can be obtained from egs. (2.17)—(2.19) by expanding the mass



matrices in the interaction eigenstates up to first order in the Higgs field H. They read

tr, 0 0 0 0 0 tr
ur, 0 %SHCH f%chH i(?s%{ -1) %(28%{ -1) UR
—Lyg=vyh| ur 0 —%SHCH 5SHCH %(1 —2s2) %(1 —2s%) U1R + h.c.,
tar, 0 %(25% — 1) i(l — 28%{) —%SHCH —%SHCH tar
Typ, 012} —1) 3(1 —2s3) —gsmem  —gsmen Tsr ) g
Ghut
(2.26)
by, 0 0 0 0 br
L —uh dy, 0 5SHCH —%SHCH ﬁ(l—Qs%) dp ¢ he
o = Y g 0 —isucn LsHCH 27\1/5(28%{ —-1) dir h
dar, 0 2175(1 2s%)) 2—;5(251%{ 1)  —spey dar J oy
Gh,bb
(2.27)

The matrices for the couplings to top-like states, Gz, and to bottom-like states, G5, in
the mass eigenstate basis are obtained by multiplication with the matrices Uy, r defined in
eq. (2.20). The charge-5/3 fermions only interact with the Higgs boson through small off-
diagonal terms and are not relevant for our analysis. Their coupling matrix is therefore not
given explicitly here. The couplings of the fermions to the gauge bosons are obtained from
eq. (2.14) in the interaction basis with subsequent rotation to the mass eigenstates. In the
following section also the couplings of the fermions to the Goldstone bosons will be needed.
They can be derived from eq. (2.13) by using eq. (2.5) and doing the following replacements,

h3 — GO . (228)
The couplings of the Goldstone bosons with the fermions can be found in appendix A.

3 Computation of electroweak precision observables

The results obtained at LEP put important constraints on New Physics models. The data
indirectly constrains physics at high energies which enters in loop corrections to the ob-
servables at the electroweak scale. In this section the contributions to the Peskin-Takeuchi
S and T parameters [92] will be shortly reviewed. Subsequently, the computation of the
one-loop contributions to the non-oblique corrections to the Zby by, vertex due to the partial
compositeness of the bottom quark will be presented. The U parameter will not be dis-
cussed here, as it only receives contributions from operators of dimension eight or higher.
For convenience, we use instead of S, T' and the shift in the Zby by, coupling the parameters
€1, €2, €3 and €, [93-95], as they do not depend on a reference point in the SM.

3.1 Contributions to €1

The T parameter — or equivalently €; — gets a correction due to modified Higgs-vector bo-
son couplings. They prevent a full cancellation of the UV-divergencies in the T-parameter



so that a logarithmically divergent part remains [46]. It is cut off by the mass of the first

2
Aellt = Mﬁlog <mg> , (3.1)

167 cos2 Oy my

vector resonance mp,

with & = v2/f2, cf. eq. (2.9) and « the electromagnetic coupling at the scale mz. The
Weinberg angle is denoted by fy,. Another important contribution to €; comes from loops
of fermionic partners. Explicit formulae at the one-loop order can be found in refs. [51, 96].

3.2 Contributions to €3

Similar to the IR contribution to €1, a UV-divergent contribution due to modified Higgs-
vector boson couplings also arises for the S parameter — or e3 —,

2
Ael? = M@og <m§> . (3.2)

487 sin? Oy my,

Additionally, at tree-level there is a UV contribution from the mixing of elementary gauge
fields with new vector and axial vector resonances [12, 97],

2 2
ALY = T (1 + mp) , (3.3)

2 2
mg ms

where m, denotes the mass of the first axial vector resonance. For definiteness, we set
mp/mq =~ 3/5 as obtained in the five-dimensional SO(5)/SO(4) models of refs. [15, 44].
We explicitly checked that varying m,/m, between 1 and 2 has only a slight effect on our
numerical results. The finite fermionic one-loop contributions to €3, which can be found
in ref. [96], are neglected, as they are small compared to the tree-level UV contributions
given in [51]. As recently pointed out in ref. [98], however, there can be an additional
logarithmically divergent contribution stemming from fermion loops, which is given by

A ~ T (WYL + W]Ya| | (3.4)

where Wy, r are the left- and right-handed fermion couplings to Wﬁ’ and Y7, r the corre-
sponding hypercharges. In our case the trace in eq. (3.4) is zero.

3.3 Contributions to ¢

Since light quarks are assumed to couple to any New Physics in a subdominant way, no
vertex corrections to the eTe™ annihilation process at LEP have to be taken into account.
The only exception is the Zbrby, vertex, because the left-handed b-quark is in the same
SU(2), doublet as the top quark, which itself has a large mixing with composite fermions.
For this vertex, New Physics contributions can thus be sizeable.

The Lagrangian for the coupling of a Z boson to a quark ‘11? of charge () in the mass
eigenstate basis is parameterized by



Figure 1. Loop vertex diagrams for heavy fermion partner contributions to the Zby by, coupling.

where %, j run over all quarks present in the model. Here and below we use the short-hand
notation cy = cosfy and sy = sinfyy. We keep the coupling general so that the result
can also be applied to other cases. The decay amplitude of the Z boson into a pair of
massless left-handed b-quarks is given by

e SM +5 B 1—
o +0) b L () (3.6)
CW SW 2

with the electric charge e and the SM coupling gbsivl of the Z boson to the left-handed
b-quarks. The polarization vector of the Z boson with four-momentum pz is denoted by

MZ—)bLl_)L ==

€y- A left-right symmetry prevents dg,,, which contains the effects from New Physics,
from getting tree-level contributions [48]. However, important contributions to dgp, can
occur through loops of new fermions. In figure 1 the Feynman diagrams for the one-loop
corrections to Zbrby, including gauge bosons and Goldstone bosons are shown. There are
also diagrams involving the Higgs boson, which, however, have a negligibly small contribu-
tion. In order to quantify the beyond the SM effect of the heavy quarks on dgp, , the SM
contribution M';ﬁ’ of the bottom and top quarks has to be subtracted,

Sqp, = MY — MED (3.7)

where M"Y denotes the contributions from the loops with the heavy quarks, the top and
the bottom quark. The Zbyb;, vertex needs to be renormalized to become finite. We adopt
an on-shell renormalization scheme similar to ref. [99]. The wave function renormalization
constants §Z% % relate the left- and right-handed bare fields bg ' With the renormalized

ones bR,

1
bR <1 ; 25ZL7R>bL’R . (3.8)
The Z boson coupling to the left-handed bottom-type quarks is proportional to, cf. eq. (3.5),
x-Vsk=uririug (3.9)

~10 -



where T3 is the generator defined in eq. (2.3).? For the renormalization of the mixing matrix
U? in eq. (3.9) a counterterm du is introduced. The complete Zb by, vertex including the
counterterm in the mass eigenstate basis then reads

(&

. 1
Lygp, =— by, (1 + 252}) (1 + 5@&) Uy (T} — 2s3Q)

wew (3.10)

1
x Uyt (1+oup) (1 + 252L> PLbZ"

where Pr, = (1 —+5)/2 denotes the left-handed projector. Note that only the wave function
renormalization constants for the b-quark fields and the counterterm of the mixing matrix
are needed, whereas the electric charge, the Weinberg angle and the wave function renor-
malization of the Z boson are already included in the oblique parameters [92, 100], due to
their universality for all Zff vertices. The counterterm is defined antihermitian, as the
bare and the renormalized mixing matrices are unitary, cf. ref. [101],3

1
b L L
oul i = 4 (522.]. VA ) . (3.11)
Defining the structure (Pr = (14 v5)/2)
ii(p°) = P25 (0°) P+ pE (0°) Pr + Z5;(0°) P + 25(0°) Pr (3.12)

for the fermion self-energy ¥, the wave function renormalization constant §Z% for the
left-handed fermion field is given by

2 —~
07k = —5——Re (m§2£j(m§) + mim;SH(m3) + miS (m?) + mjzgj(mi)) (3.13)
i# ]

mi —m]

N o — i
0Zj; = —ReSfi(m}) — mz‘aT)gRe (mi@ﬁ(lﬂ)+25(P2))+Eéi(172)+2n’(192)> |p2=mz (3.14)
=7,

where Re only takes the real part of the one-loop integrals but keeps the complex structure
of the parameters. Note that in our calculation we set the bottom mass to zero, which
implies that either m; or m; is zero in eq. (3.13) and that m; = 0 in eq. (3.14). The
Feynman diagrams of the self-energies which we need for the renormalization of the Zbrby,
vertex are shown in figure 2. For the computation the programs FeynCalc [106] and
FeynArts/FormCalc [107-110] were used. The final result can be found in appendix B. It
is given in terms of general coupling factors so that it can be applied to other cases. The
notation is similar to the one used in ref. [51] so that the results can easily be compared.
The results obtained for the vertex diagrams in figure 1 agree with those of ref. [51]. The
differences with respect to ref. [51] arise from the renormalization of the mixing matrix,

2For the renormalization procedure the concrete definition of the generator T5 does not matter, however.
Our results are also applicable to other groups and hence different generators.

3The question of gauge invariance for this definition of the mixing matrix was widely discussed in the
literature [102-105]. We follow ref. [105] in order to obtain a gauge independent result.
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Figure 2. Self-energy corrections needed for the renormalization of the vertex Zb 1br.

which we performed and which was not necessary in ref. [51] as the authors did not take
into account the case of a bottom quark mixing with heavy fermion partners. In our case,
a finite result for dgy, can only be obtained if the renormalization of the mixing matrix
is included.

A comment is in order about contributions from the UV dynamics of the theory to the
EWPTs. In ref. [98] it was shown that there can be possibly large contributions to the S
parameter and the Zbr by, coupling from a non-decoupling of UV-physics. This can even
give rise to logarithmically divergent contributions, as e.g. in the Zbyb;, coupling due to
an effective 4-fermion operator. The coupling constant of this operator is not relevant for
the rest of our analysis and we therefore assume it to be small. There could be further
finite contributions from the UV dynamics of the theory [98], which we neglect, however,
since there is no reasonable way to estimate them in terms of the fields entering our
effective Lagrangian.

3.4 The x? test and numerical results

The agreement of our model with the experimental data can be assessed by performing a
x? test. The experimental values for the e parameters and their correlation p come from
the LEP measurement at the Z pole mass, see ref. [111]. We use, however, the updated
values of ref. [84], which take into account a newer value of the W mass [112-114]:

P = (5.4+1.0) - 1073, 1 0.80 0.86 0.00

P = (7.9 0.90) - 1073, 0.80 1 0.53 —0.01

P = (5.34+0.94) - 1073, P~ 1086 053 1 002 |- (3.15)
6, = (=5.0£1.6) 107, 0.00 —0.01 0.02 1

The theory contributions to the parameters €1, €3, €3 and €, are given by [45, 84],

eth = (5.66 — 0.86log(my/my)) - 1073 + AelF + aAT

et = (=7.11 + 0.16 log(my /my)) - 1072,

et = (5.25 + 0.541og(my, /myz)) - 1073 + Aeb® + AV

b = 6481073 + dgp, . (3.16)
UV/IR

The first summands, respectively, are the SM corrections. The contributions Ae,

and dgp, have been given in subsections 3.1~ 3.3, and AT is the contribution to the T
parameter stemming from loops of heavy fermions. The covariance matrix is defined by

Cij = AE?prijAGEXp s (317)
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where ¢, j runs over 1,2,3 and b. The parameters A\ and )\, are fixed by the requirement
to recover the measured values of the top and bottom quark masses, A\; has been traded
for sin ¢, cf. eq. (2.21), and the scale f is given by f = /v, so that the relevant set of
free parameters for our model is {¢, My, sin ¢r,,y,m,}. The x? is hence defined as

x2(&, Myo,sin ér,y,m,) = Z (egh — epr) CZI <e;-h — ej.Xp) : (3.18)
i,J

The electroweak precision data indicate a preference for a heavy vector resonance, so that
we fix the parameter m, to its maximal value of 47 f required by perturbativity. We found
that this leads for most of the parameter sets to minimal or close to minimal values of
x2. We are therefore left with four degrees of freedom {&, M1q,sin ¢, y}. A specific point
in the parameter space fulfills the electroweak precision tests at 99% C.L. if it satisfies
the criterion

X2(£7 M107 sin ¢La y) - X12nin < 13.28 ) (319)

where Xfmn is the minimum of y? with X?nin ~ 0.87. This is smaller than the SM value
Y2 ~ 4.71 as expected for a model with additional parameters.

A further constraint on the model is imposed by the recent measurement of the single
top cross section at CMS [115], providing a lower limit on the CKM matrix element of
|Vip| > 0.92 at 95% C.L.. The constraint on V, will be discussed in more detail in section 5.

We performed a scan over the parameter space, setting the top and bottom quark
masses to m; = 173.2GeV and mp = 4.2 GeV, respectively, and the Higgs boson mass
to my = 125 GeV. For the vector bosons masses we used my = 80.385GeV and my =
91.1876 GeV. The model parameters have been varied in the range

0<e<, 0<sing, <1, ly| < 4r 0< My <10TeV.  (3.20)

In addition we only retained points for which |Vi| > 0.92. The result of the scan is
shown in figure 3 (left) in the &£-sin ¢y, plane. As can be inferred from the plot, for non-
vanishing left-handed compositeness of the top and bottom quark, values of £ close to 0.2
are still allowed at 68% C.L.. For intermediate values, 0.4 < sin ¢y < 0.5, parameter points
with ¢ as large as & ~ 0.5 pass the constraints.* In case of mostly composite left-handed
quarks, sin¢y 2> 0.9, the constraints are passed at 99% C.L. for £ values up to about
0.35. It is the positive fermionic contributions to the T" parameter which drive it back into
the region compatible with EWPTs.? For sin¢; < 0.25, there are no allowed points, as
for too low values of sin ¢y, the correct top mass cannot be obtained, cf. eq. (2.24). The
bottom quark being in the same doublet as the top quark, is hence mostly left-handed
composite, as sin ¢, must be small enough in order not to generate a too large bottom
mass, cf. eq. (2.24). Figure 3 (right) shows Ax? = x? — x2,;,, versus £. The smallest values

“In ref. [50] a similar plot as the one of figure 3 (left) was shown for the fundamental representation, and
a maximal allowed £ value of only &max =~ 0.35 was found. We use a different representation for the extra
fermion multiplet, however. Furthermore, instead of m, = 2.5 TeV in [50] we take m, = 4w f which lowers
the tension with the electroweak precision observables.

®For a comprehensive discussion (in the fundamental representation), see ref. [50].
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3
Figure 3. Parameters passing the x? test of electroweak precision observables, fulfilling in addition
[Vis| > 0.92, for a scan over &, sin¢yp, y and Mig. Dark blue: 68% C.L. region, medium blue: 95%

C.L. region and light blue: 99% C.L. region. Left: the ¢-sin ¢, plane. Right: Ax? versus €.

for Ax? are obtained for 0.01 < & < 0.2. In contrast, high values of ¢ lead to large Ax?,
corresponding to a compatibility with the EWPT at 99% C.L.. Note that the SM limit is
obtained for £ — 0 and Mjy — oo. Due to the restriction of the scan to Mg < 10TeV, it
is not contained in the plot.

The impact of the bottom quark and its partners on the y? test is significant. Their
inclusion not only requires the renormalization of the mixing matrix, which influences the
finite terms. For some parameters in our scan the inclusion of the bottom partners in the
loops can also change Ax? by a factor of 2. For the majority of the parameter points,
however, the effect is much smaller. The contributions from diagrams with Higgs bosons
in the loops alter Ax? by +2.9% at most, for most parameter sets even less.

A comment is in order about the approximation of zero bottom quark mass in the
computation of the corrections to the Zbrby, vertex. Neglecting the bottom mass changes
the couplings of the bottom quark and of the bottom-like quarks to the vector bosons and
Goldstone bosons. The effect, however, is small. The matrix element X l:bl/ S’L, cf. eq. (3.9),
changes by maximally 1% and the change in the corresponding matrix element for the
Goldstone coupling is O(m;/v). Compared to the largest matrix elements in the Goldstone
coupling matrix this is less than a percent effect.® We explicitly verified this numerically.
Additional mass terms can arise in the loop corrections to the Zbpb; vertex. They are
proportional to mp/myz, and assuming that the couplings multiplying these terms are of
the same order as the ones multiplying m;/my, they would only contribute to about 3%
of the total matrix element. A conservative estimate of the error done by neglecting the
bottom mass is therefore 5%, obtained by adding up linearly the error due to the kinematics
and an estimate of 2% for the error due to the change in the couplings.

As mentioned earlier loop contributions to the T' parameter from the top and bottom
partners are important to render the model compatible with the EWPT for non-vanishing
£ values. The implications of the electroweak precision data on the masses of the vector-
like quarks can be inferred from figure 4. It shows Ax? as a function of Mjo which sets
the scale for the top and bottom partner masses. As expected, the best compatibility of

SWe discuss here the Goldstone coupling as this would correspond to the gauge-less limit in which e.g.
in ref. [50] the EWPT were obtained for the fundamental representation.
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Figure 4. Ax? versus Mg of the parameters passing the x? test of electroweak precision observ-
ables, fulfilling in addition |Vi| > 0.92, for a scan over &, sin ¢y, y and M;g. Dark blue: 68% C.L.
region, medium blue: 95% C.L. region and light blue: 99% C.L. region.

the model with the electroweak precision observables is obtained for non-vanishing masses
of the order of 200 GeV < Mg < 5TeV. The bulk of the masses for the points which
are best compatible with EWPT lies between about 800 GeV and 1.6 TeV, however. This
is compatible with the lower limits from direct searches for heavy fermions, as will be
discussed in detail in the next section.

4 Constraints from Higgs results and direct searches for heavy fermions

Further constraints on Composite Higgs Models come from the LHC Higgs search re-
sults. Both production processes and decay rates of the Higgs bosons are modified com-
pared to the SM [73]. The modifications arising in our model shall be presented in the
following. Subsequently, the constraints due to direct LHC searches for heavy fermions
will be discussed.

4.1 Higgs boson production processes

Gluon fusion: gluon fusion [116] is the main Higgs production mechanism at the LHC
and mediated already at leading order by loops of heavy quarks. In addition to the top
and bottom quark loops present in the SM, in Composite Higgs Models also heavy quark
partners contribute and the Higgs Yukawa couplings are modified.” The QCD corrections
to the process are important. In the SM they have been obtained at next-to-leading order
(NLO) including the full quark mass dependence and in the heavy top mass limit (including
the full mass dependence: [119-122]; heavy mass limit: [119, 123-127]). They increase the
cross section by 50-100%. At next-to-next-to-leading order (NNLO) QCD they are known
in the heavy top quark limit [128-132], adding another 20%. Top quark mass effects on the
NNLO cross section have been investigated in ref. [133-136]. A resummation of soft gluons
has been performed at next-to-next-to-leading log (NNLL) accuracy [136-139]. First results

"For a general discussion of the effects of additional heavy quarks on (multiple) Higgs production through
gluon fusion, taking into account experimental bounds, see refs. [117, 118].
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for the N3LO QCD corrections have been given in refs. [140-144]. For Composite Higgs
Models the QCD corrections up to NNLO were calculated in ref. [145], keeping the full
bottom mass dependence through NLO. The two-loop Yukawa corrections to gluon fusion
in the top partner singlet model have been presented in [146]. Note, that in Composite
Higgs models without new heavy fermion partners the QCD corrected SM cross section can
be taken over by adjusting the Higgs-Yukawa couplings. This cannot be done, however, for
the electroweak corrected process [147-153].

We implemented our model in the Fortran code HIGLU [154, 155] in order to obtain
the NLO QCD corrections with full mass dependence on the quark masses. This was
done similar to the implementation of the 4th generation in HIGLU (see in the program
code [156]). The Higgs Yukawa couplings had to be adjusted and all summations were
extended to also include the loops with the new fermions. Electroweak corrections in
Composite Higgs Models are not available and NNLO QCD corrections are only available
in the heavy top quark limit, which cannot be applied for the bottom quark. We therefore
only take into account the NLO QCD corrections. The K-factor obtained in this way,

K = O (4.1)

JLO

is roughly the same as in the SM for NLO QCD corrections, up to deviations of less then
2% depending on the specific parameter point, in agreement with ref. [145].

In ref. [74, 82-84] it was shown by applying the low-energy theorem [86-88] that the
leading order gluon fusion cross section o with fermions in the fundamental representation
and neglecting the mixing of the bottom quark with heavy partners, is given by the pure
Higgs non-linearities,

o (1-2)?
osm  (1-€)

where g\ denotes the SM gluon fusion cross section. The cross section, which only depends

(4.2)

on & but not on the details of the spectrum of the new fermions, is therefore always reduced

compared to the SM for £ < 0.75. This result does not hold any more, however, if there

exists a mixing with bottom partners [83, 85]. For the bottom quark the LET cannot be

applied and the matrix element for the bottom-like contributions My is given by
1-28  w )

Moor = Migy (Fl ~% yem

with MEI}\E/[T denoting the SM matrix element in the LET approximation, and ¥, and ysm

(4.3)

being the bottom quark Yukawa coupling in our model and the SM, respectively. The gluon
fusion cross section thus depends on the details of the spectrum through y,. In ref. [83]
it was shown that this can even lead to an enhancement of the cross section for the gluon
fusion process compared to the SM.

Vector boson fusion: vector boson fusion [157-159] constitutes the next important
Higgs production mechanism after gluon fusion. In the SM, the NLO QCD corrections to
vector boson fusion are of O(10%) of the total cross section [160-163], the NNLO QCD
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corrections are at the percent level [164, 165]. Electroweak corrections have been given
in [166, 167] and are of O(5%).

In our model, the cross section at NLO QCD can be obtained from the SM cross
section by multiplying it with a factor (1 — &) stemming from the modified Higgs couplings
to massive vector bosons V' due to the Higgs non-linearities, cf. eq. (2.10),

C S
Uv%¥ = (1 - f)UVI\gF .

The cross section is reduced compared to the SM cross section, which we calculated at
NLO QCD with the Fortran code VV2H [168]. Again, neither electroweak (EW) corrections
nor NNLO QCD corrections can be taken into account.

Higgs-strahlung: in Higgs-strahlung the Higgs boson is radiated off vector bosons. The
NLO QCD corrections increase the cross-section by O(30%) [163, 169], the NNLO QCD
corrections are small [170, 171]. The electroweak corrections for the SM decrease the cross
section by O(5 —10%) [172]. We proceed analogously to vector boson fusion and only take
into account NLO QCD corrections. The SM cross section at NLO QCD [163, 169] has
been computed with the code V2HV [168] and subsequently multiplied with the appropriate
modification factor to obtain the Composite Higgs production cross section,

GSVI}LyZh =(1- f)"xs/vl\%/Zh : (4.4)

Associated production with top quarks: the cross section for associated production
of a SM Higgs boson of m; = 125GeV with a top quark pair [173-177] is two orders of
magnitudes smaller than the gluon fusion cross section. We took the SM cross section
including NLO QCD corrections [178-181] from the LHC cross section working group [182,
183] and modified it to take into account the Higgs-top Yukawa coupling of our model,

2
oM (17h) = (%f;;) oSM(tth) . (4.5)
Gith
The coupling gy, is obtained from the matrix eq. (2.26) after rotation to the

mass eigenstates.

4.2 Higgs boson decays

The Composite Higgs branching ratios have been calculated with the Fortran code
HDECAY [184, 185], which we have adapted to our model® by proceeding as follows: to
get the Composite Higgs fermionic decay widths, all corresponding SM widths have been
modified as

b
(UL CrpUhes \* psm o
— ) Digs itf=0,
CHM_ _ b (4.6)
) (120 su '
Trh%f}; iff:C,S,/,L,T.

8For a recent discussion on the implementation of the effective Lagrangian for a light Higgs-like boson
into automatic tools for the calculation of Higgs decay rates, see ref. [186]. The Fortran code eHDECAY
including the effective Lagrangian parametrization can be found at [187]. An implementation in FeynRules
has been provided in ref. [188].
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The decays into top quarks are not relevant for a 125 GeV Higgs boson. In the decay width
into bottom quarks the factor (UETGhb,—)U}%) p; denotes the matrix element relevant for the
bottom quark coupling after rotation of the Higgs Yukawa coupling matrix G},;;, eq. (2.27),
into the basis of the mass eigenstates. The prefactor for the decays into the charm (c),
strange (s), muon (u) and 7 final states, which are elementary particles in contrast to the
top and bottom quark, is due to the Higgs non-linearities, implying a Yukawa coupling

1-92¢
CHM _ SM_
Insi = JT=¢ Inii (4.7)

for the fermions in the fundamental and antisymmetric representation [15]. The decays
into vector bosons V' are obtained from the corresponding SM widths by

Iy =1 -TMyy . (4.8)

For the loop-induced decays also the top and bottom partners have to be taken into account.
The decay widths h — vy and h — gg (at leading order) are modified as

Gra®md | S~ 16 v(UN Gy UL o (UM G Ui

Doy = o7 s — " Ay (1) + —_ 7L RIT A (o

7Y 1281/273 ; my, 1/2( ) Zz; 9 mo, 1/2( b;)
41—-2¢

161—2
Ayjo(r)+ g141/2 (7e) + V1 —=EA(Tw)| , (4.9)

N =

GFa2m3 i U(UtTGhttUt)“ U(U GhbbU )
Ly = s _h L BRI A o(1y,) + L RI% A o(m,
9= 35 Jons ; e 1/2(78;) ; o, 1/2(75;)
1-—2¢ 2
A , 4.10
+m 1/2(7—0) ( )
where we introduced the notation

4M2 amz Am2 A2
Ww=—a", Tty by = t’Q/b’, Te = ch and T, = m; . (4.11)

my, my, my, my,
The masses of the top quark and its four heavy partners are denoted by my, (i =1,...,5),
the masses of the bottom quark and its three heavy partners by myp, (i = 1,...,4), m. is

the charm quark mass and m, the mass of the 7-lepton. The loop functions are given by
Ai(1) = —[2437+37(2—7)f(7)] (4.12)

for W bosons in the loop, and

Aus(r) = S7l+ (L= 7)f()] (413)

for fermions in the loop, with

, 1
arcsin® — for 7>1,
T

) (4.14)
1 [log 1+1_T> — iw] for T<1.

f(r) =
4 1-V1—-71
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Remark that in the LET the contribution due to the loops of the top quark and its partners
reduces to the pure Higgs non-linearities which means that it is simply given by the SM
top loop contribution modified with the coupling factor (1 — 2£)/4/1 — &, parallel to the
charm and 7 loop contributions. For the bottom loops, where the LET cannot be applied,
this is not the case.

We do not give an explicit formula for the decay h — Z~ as we will not investigate this
channel any further, which due to its smallness practically does not affect the total decay
width.” All decays are taken at NLO QCD if available in HDECAY, see [186, 187 for details
of the implementation. Neither electroweak corrections nor NNLO QCD corrections were
taken into account. For slight deviations from the SM, EW corrections can be included
as described in ref. [186]. We will nevertheless neglect them as we also want to deal with
possibly large values of €.

4.3 Constraints from searches for heavy fermions and from flavour physics

The strongest bounds from direct searches for new vector-like fermions come from AT-
LAS [189-192] and CMS [193, 194]. Recently, both collaboration have provided direct
bounds on the mass of the new fermions as a function of their branching ratios into SM
particles [189-194], since the fermion pair production is a pure QCD process, which only
depends on the mass of the particle, and can be computed independently of the model.
The new top-like quarks can decay into Wb, ht or Zt, the new bottom-like fermions into
Wt, Zb or hb and the new charge-5/3 fermions into Wt. We have calculated the decay
widths in our model using the formulae of ref. [84] (see also ref. [42]), and directly compared
them with the bounds quoted by the collaborations. The bounds are obviously valid for
the lightest of the composite fermions, but not necessarily for the heavier ones. The reason
is that a composite fermion, which is massive enough to decay into a lighter composite
fermion and a W or Z boson, could have a substantial decay width into the corresponding
channel, hence its branching ratios into the SM particles would be reduced.

In the specific model studied in this work, the situation is made quite simple since the
lightest of all composite fermions is always a fermion of charge 5/3, decaying therefore 100%
into Wt. The strongest bound on charge-5/3 fermions comes from the CMS analysis [195],

my > 770 GeV. (4.15)

The bound on the bottom-like quarks turns out to be less stringent than for the charge-5/3
fermions,'® but for top-like quarks ATLAS has limits extending up to around 850 GeV in
the case of a decay mostly in ht [189]. This limit can be applied as it is to the lightest of
the charge-2/3 fermions, since it is in any case below the threshold for the decay of a heavy
top-like partner into xW due to the bound of eq. (4.15). In our model, however, the search

A recent discussion on h — Z~ can be found in [80].

10The search strategy for bottom-like quarks decaying mostly into Wt is very similar to the search for
a charge-5/3 fermion, since in both cases a final state is considered with two same-sign leptons and a
number of jets. However, in the case of the charge-5/3 fermions, the leptons come from the cascade decay
X — Wt — WWDb of a single fermion with charge +5/3, while its antiparticle decays purely hadronically and
its mass can be reconstructed from the jets, hence giving a stronger constraint than for a bottom-like quark.
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Figure 5. Spectrum of the lightest composite fermion as function of £&. The points in the plot are
obtained from a scan over &, y, Mo and sin ¢, and fulfill the EWPT at 99% C.L. and |Vy| > 0.92.
The light blue points are excluded by direct searches for vector-like fermions at 95% C.L., the dark
blue points are not excluded.

for top-like fermions is never more constraining than the search for the charge-5/3 ones.
In the future, and mostly with the LHC operating at 14 TeV, important bounds will be
derived from single production of a heavy vector-like fermion, see e.g. [43, 196], but such
bounds are not yet available.

In figure 5 we show the mass of the lightest composite fermion as a function of £. The
points in the plot are the ones which pass the EWPT at 99% C.L. and fulfill |V| > 0.92.
The light blue points are excluded by direct searches at 95% C.L., the dark blue points
are not excluded. The line in the plot marks the exclusion limit from CMS of 770 GeV on
charge-5/3 fermions. As can be inferred from the plot this exclusion limit eliminates quite
some parameter space for mygpiest > 770 GeV. No points are excluded above masses of the
lightest partner of 770 GeV which confirms that the bounds on heavy top partners of up
to 850 GeV for large branching ratios of T'— hb do not lead to any additional constraints.

Flavour physics can lead to further constraints on Composite Higgs Models. They
depend, however, on the exact flavour structure of the model. Anarchic flavour structures
seem to be strongly constrained by CP violating observables in the Kaon system [55]. Im-
plementing minimal flavour violation can, however, avoid these constraints [65]. In this
case, also the light quarks are required to be composite, which can significantly change
the Higgs phenomenology [85]. While dijet searches put constraints on the up and down
quarks [197, 198], the second generation quarks are practically not constrained [68]. Alter-
natively, the top quark can be treated differently than the light quarks [66]. The flavour
bounds can still be satisfied, and the constraints from EWPT and searches for composite-
ness are relaxed, as the first two generations are mostly elementary. Both the left-handed
and right-handed top can be composite in this case. Bounds on the masses of the light-
est fermionic resonance have been obtained in ref. [69] and depend on the specific flavour
symmetry. We do not assume a specific flavour model and therefore do not further dis-
cuss constraints from flavour physics. For additional discussions of flavour constraints on
Composite Higgs Models, see e.g. ref. [67].
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5 Numerical results

In this section, we show numerical results for a combined analysis taking into account the
constraints from electroweak precision observables, Higgs search results, the measurement
of Vi, and the direct searches for heavy fermions. We make a random scan over the
parameter ranges defined in eq. (3.20) and with the SM input values as given in section 3.4.
In order to test the agreement of our model with the aforementioned constraints we perform
a global x? test similar to that of refs. [199-201],

2 2 2 2
X" = XEwpPT T XHiggs T XV, - (5.1)

Notice that the constraints from direct searches of new heavy fermions are not included in
the global x? test, but rather imposed directly by only taking into account points which
are not excluded at 95% C.L. by direct searches. The X%W pr is the x? for the electroweak
precision tests defined in eq. (3.18).

Regarding the constraints from the Higgs boson, the ATLAS and CMS collaborations
provide the signal strengths

B o(pp — h)- BR(h — X)
) = o(pp — Wsw - BR(h — X)smt

(5.2)

including the correlations between the combination of the vector boson fusion (VBF) and
the Higgs-strahlung (VH) production modes (VBF+VH) and the combination of gluon
fusion (ggF) and the associated production with a top quark pair (tth) (ggF+tth) [202, 203].
The results have been given as likelihood contours, which correspond approximately for
each Higgs boson decay channel to the ellipses obtained from a x? test with two variables.
We can therefore write

Xiiges = D D (5P — ™) Ci (w5 — i) (5.3)

channels i,j=1,2

where the best-fit points from the experiments are denoted by ui™ = po ., and g™ =
pysreve and the covariance matrix C is defined as
Ap PO ggrsion Dty 5 -
C = ggF+tth ggF+tt VBF+VH : AM _ \/ AM?XP N A,uth .
(pAMggF+tth Apvsriva Au%BFH/H @ (Ap;) ( i )
(5.4)

exp

The values of p;™", Aps

. and p are extracted from the experimental results, see ap-

pendix C. The theoretical value u{? = ,ug{]‘F oh (i = pth. . Lvy) in the final state channel
X is obtained by computing in our model the sum of the ggF and tth (VBF and VH)
production cross sections and multiplying this with the branching ratio into the final state
X. Subsequently, the value obtained is normalized to the corresponding SM rate. The final
states that we take into account are X = W, Z,v,b and 7. The theoretical uncertainties
Au};h stem from the scale and PDF uncertainties of the total cross section. We use the rel-
ative theoretical uncertainties of the SM throughout the numerical analysis, as we checked
explicitly for some parameter points that the theoretical uncertainties obtained within our
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|Vip| > 0.92 |Vip| in x?
Experiment | ¢ X/n | x| € X/n | X
0.105 | 8.06/9 |0.90 | 0.096 | 12.34/10 | 1.23
0.0 | 17.54/13 | 1.35 | 0.0 |17.73/14 | 1.25
0.057 | 5.22/10 | 0.52 | 0.055 | 6.36/11 | 0.58
0.0 | 9.90/14 [0.71| 0.0 |10.09/15 | 0.67

ATLAS

CMS

Table 2. Global x? results for the best fit point taking into account EWPT and the Higgs results
for ATLAS and CMS, respectively: Left: for parameter points which fulfill |Vy| > 0.92. Right:
when including the measured value of |Vjp| in the x? test. The lines for & = 0.0 list for comparison
the SM values. The number of degrees of freedom n are counted naively as the difference between
the number of observables and the number of parameters in the model, and x2 = x?/n.

model are only slightly modified compared to the SM. This leads then to Aputh,,. wve =0
and very small A“EBF +un- As we computed all the production cross sections at NLO QCD,
the uncertainties are the ones given at this order. Note also that for the bb channel, there
is no information available from ATLAS on the correlation. In this case, we then defined

2= (™ = 11y")” (5.5)
PR (A )+ (At

where yy is obtained from the sum of all VBF, VH, ggF and tth production modes times
the branching ratio into bb normalized to the corresponding SM rate.

The constraint from the measured value of the CKM matrix element |V | can be treated
in two different ways. Either all points with |Vj| > 0.92 are rejected, or the best fit value
quoted by the experiments is included in the x? test. The CMS collaboration measured
the value!! to be [115]

V™| =1.02 £ 0.046 . (5.6)

The value of [V {}| in the model considered in this work is taken from the W coupling to
the top and the bottom quark. For the SM we assume |V;§)h| = 1. The couplings of all
other SM quarks to the W boson in our model are the same as in the SM. A y? test for
the constraint on Vj; can therefore be written as

o (VI = VD)

We report in table 2 the x? values of the best fit points for our model and, for com-
parison, the ones for the SM. They are given for the two different ways of including the
constraint from Vj,. The best fit point can be different in both cases. The global x? is
obviously increased when including Vjp, although in the SM limit where \Vtzh] = 1 was used,
the change is small. The constraint from |V}| mainly affects scenarios with lower masses
of the lightest resonance. We distinguish between the data for the Higgs rates of the two

" The measurement does not assume unitarity of the CKM matrix.
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Figure 6. Ax? = x? — x2,, taking into account the Higgs results of ATLAS (left) and CMS
(right), as a function of £&. The dark blue points do better than the SM, the light blue points have
a higher Ax2.
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Figure 7. Ax? = x2— 2, taking into account the Higgs results of ATLAS (left) and CMS (right),
as a function of Myg9. The dark blue points do better than the SM, the light blue points have a
higher Ax?2.

experiments ATLAS [202] and CMS [203], as no combination exists so far. The CMS data
turns out to be better described than the ATLAS data. The best fit points are obtained
for values of £ =~ 0.1 for ATLAS and for £ ~ 0.05 for CMS. In our Composite Higgs Model
their x? is slightly smaller than in the SM, due to the larger number of free parameters.
The value of x2 = x?/n gives an estimate of the relative goodness of the fit. Note, however,
that the counting of the number of degrees of freedom is not obvious as the SM limit is
reached when & — 0 and Mjy — oo, and then the other parameters become meaningless.
Figure 6 shows, as a function of £, Ax? = x% — x2,;,, where x? is defined in eq. (5.1)
and sznin is the value of the best fit point. The color distinguishes between points which
do better than the SM and those doing worse. For the CMS results only points with
¢ < 0.1 have a lower Ax? than the SM, while for the ATLAS results this is the case for
points up to & < 0.25, although most of the scenarios doing better than the SM are for
¢ < 0.15. Figure 7 shows Ax? as a function of the top and bottom partner mass scale Mg
for the ATLAS data (left) and the CMS data (right). The lower limit on Mg is due to
the inclusion of the direct search bounds on heavy fermion masses. The bulk of the masses
leading to scenarios doing better than the SM lies around 1-2 TeV. This is mainly due to
the EWPT. For very heavy fermion masses the compatibility with the data is not as good.
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Figure 8. Fit results obtained from a scan over £, y, sin ¢y and Mg taking into account the EW
precision data, the measured value of |V;| and the ATLAS Higgs results, shown in the gy, 0, —
Uy sreve Dlane for the channels vy (top left), WYW =, ZZ (both top right) and 777~ (bottom).
The black rhombus in the plot is the best fit point. The color code in the plots indicates from dark
to light colors the 1o, 20, 30 and 50 regions obtained from the x? test with four degrees of freedom.

In figure 8, we show the fit results of our parameter scan in the gy ryin — fvprive
plane for the Higgs decay channels into v, W, Z and 7 pairs, respectively. The color code
indicates from dark to light colours the 1o, 20, 30 and 50 regions obtained from the x?
test as defined in eq. (5.1) with the experimental Higgs results reported by ATLAS. The
black rhombus in the plot marks the best fit point which corresponds to the minimum value
obtained from the x? test. The fit contours for W and Z bosons are the same as their
couplings are modified in the same way due to the custodial symmetry of the model and
they are therefore depicted in the same plot. As can be inferred from figure 8 (top left),
the ATLAS data prefer an enhanced Higgs to vy rate. Also the rate into vector bosons is
somewhat enhanced whereas the best fit point in the 7 channel shows a nearly SM like rate.
The same plots for the CMS Higgs results can be found in figure 9, except that additionally
the bb channel is shown (bottom left), as CMS provides information about the (VBF+VH)
and (ggF+tth) production modes and their correlation in the bb channel. The best fit
points are near the SM-like rates in the v~ final state, while the rates in the WTW—, ZZ,
bb and 777~ channel are slightly reduced in the (ggF-+tth) production mode with respect
to the SM value. From figure 8, bottom, and figure 9, bottom right, respectively, we see
that in the 77 final state the region of the points passing the test is very narrow. In fact
this behaviour is already found before applying the EWPT and |Vj| constraints, i.e. the
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Figure 9. Fit results obtained from a scan over £, y, sin ¢, and Mg taking into account the EW
precision data, the measured value of |V| and the CMS Higgs results, shown in the i g p4en —
Uveriva Dlane for the channels vy (top left), W+W =, ZZ (both top right), bb (bottom left) and
77~ (bottom right). The black rhombus in the plot is the best fit point. The color code in the
plots indicates from dark to light colors the 1o, 20, 30 and 50 regions obtained from the x? test
with four degrees of freedom.

rates for both production channel combinations behave very similarly. The reason is that
the behaviour of BR(h — 77) and of the production in (ggF+tth) is correlated, and hence
the rate u(VBF + VH) is correlated with the rate u(ggF + tth) via the decay channel.
The former can be easily understood if for the moment the heavy fermion contributions are
left aside (assuming simply the fermion partners to be very heavy) and the pure Higgs non-
linearities are taken into account. Then both (ggF+tth) production and the decay into 77
go to zero for £ = 0.5 as all the Higgs-Yukawa couplings are proportional to (1—2¢)/y/1 =&
in this case. With decreasing ¢ from 0.5 to 0 then both the (ggF-+tth) production cross
section and the branching ratio (cf. figure 2 in [73]) increase. And also the (VBF+VH)
production cross section, which is proportional to (1 — &), increases. Due to this strong
correlation between the rates from the two production channel combinations there remains
only a small strip in the pu,(ggF +tth) — u(VBF +V H) plane. The effect of imposing the
constraints from EWPT and |V} is then to simply divide this strip into 1o to 50 regions.
The region in the b-quark final state, cf. figure 9 (bottom left), is explained similarly. It
is somewhat more spread because the Higgs coupling to the bottom quarks and hence the
branching ratio in the bb final state is influenced by the compositeness of the bottom quark.
For the WW, ZZ and ~~ final states there is no such strong correlation between the rates,
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: 2
Experiment ¢ My st X

ATLAS 0.067 | 806 GeV | 13.71
CMS 0.055 | 1335GeV | 7.17

Table 3. Global x? results for the best fit point respecting EWPT, |V;;| and the Higgs search
results by ATLAS and CMS, respectively, with the corresponding £ value and the mass of the
lightest top partner my,,,, .. .. In addition the constraint of eq. (5.8) originating from the connection
between a light Higgs boson and light resonances has been taken into account.

as the rates from (VBF+VH) production do not vanish for £ = 0.5 in this case.

So far we have not taken into account the constraint on the mass of the lightest
top partner, as given in refs. [16-21]. These works assumed that the Higgs potential is
dominated by the first resonances in the composite sector, and the lightness of the Higgs
boson is related to the lightness of the top partners. An approximate bound on the mass
mg of the lightest top partner was given in ref. [21] based on sum rules:

MpTU

< v
e s mtVNc\/g’

where N, = 3 is the number of colors.'?> This bound eliminates automatically large values

(5.8)

of £, as too low masses for the lightest top partner are already excluded by direct searches.
Requiring the lightest top partner to satisfy eq. (5.8), the best fit points are modified
compared to table 2 and the quality of the fit becomes slightly worse. The new best fit
values for ¢ and x?, taking into account this bound, can be found in table 3. The ¢ value
for the ATLAS results becomes somewhat smaller, whereas for the CMS results it hardly
changes. Note, however, that the bound eq. (5.8) can be relaxed if QCD corrections from
a new heavy gluon of the strong sector are included [22]. The details depend of course on
the mass of the heavy gluon and its couplings.

So far we have not discussed the question of fine-tuning in our model. Experimental
data require the electroweak scale v to be significantly smaller than the strong symmetry
breaking scale f. This is possible through cancellations in the Higgs potential with a
precision that is given by A = f?/v2. The exact tuning, however, crucially depends on
the actual structure of the Higgs potential, which in turn is controlled by the choice of
the fermion representations [16-21]. Therefore f2/v? = 1/¢ can only be regarded as a
measure for the minimal tuning, while the detailed investigation of the amount of fine-
tuning of the model would require the calculation of the Higgs potential. This is beyond
the scope of the paper. We therefore restrict ourselves to state that best compatibility of
our investigated model with all constraints, that have been taken into account, is achieved
for £ values around 0.05 which corresponds to a minimal tuning of A = 20. Note that we
also found scenarios with lower x? than in the SM for values of ¢ ~ 0.3 which would imply
lower tuning. Furthermore, in composite Higgs models a light Higgs mass can in general

12The formula in eq. (5.8) was given for the MCHMj, but can also be applied for our case, as the mass
value, which the lightest resonance can take, is the same value for both the 10 and the 5 representation,
see figure 1 in ref. [21].
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only be achieved with moderate tuning if the mass of the lightest top partner is not too
heavy [16-21]. With masses for the lightest top partner of the order of 1 TeV our model
can therefore be estimated to be moderately tuned.

6 Conclusions

Composite Higgs Models allow for a smooth deviation from the SM with identical particle
content at low energy. A light narrow Higgs boson arises as pseudo-Nambu Goldstone
boson from the spontaneous breaking of a strong sector and is separated by a mass gap
from the other resonances of the strong sector. Heavy fermions acquire their masses by
applying the idea of partial compositeness: the quark masses are generated through the
mixing with the strong sector by coupling the SM quarks linearly with the heavy part-
ners of the strong sector. This is in particular interesting for heavy quarks like the top
quark. While in previous investigations the bottom quark mass has been introduced ad
hoc into the model, we applied in this work the mass generation through partial compos-
iteness also to the bottom sector. The model is challenged by strong constraints from the
measurement of the Zbr by, coupling. The latter is safe from large corrections only if the
by, belongs to a bi-doublet of SU(2); x SU(2)g. Starting from a global symmetry group
SO(5), the minimal representation which fulfills this requirement and incorporates partial
compositeness for the bottom quark is the antisymmetric 10. Based on a model with the
coset SO(5)/SO(4) and the top and bottom quarks embedded into this representation, we
investigated the phenomenology of Composite Higgs Models with both top and bottom
quarks being partially composite objects.

We addressed the constraints due to electroweak precision measurements. In particular
we calculated the loop corrections to the Zbrbr, coupling due to the heavy top and bottom
partner contributions. The latter did not existed in the literature before and required the
renormalization of the mixing matrix. Subsequently, we performed a x? test taking into
account EWPT and the recent measurement of |Vy|. It turned out that the fermionic loop
contributions drive back the T' parameter into the region compatible with EW precision
data, so that the Composite Higgs Model for some parameter combinations even does
better than the SM, which is not too astonishing in view of the enlarged set of parameters.
The additional contributions from the bottom partners turned out to have a significant
impact on the x? test so that ¢ values of up to 0.2 (0.4) can be obtained at 68% (99%)
confidence level, corresponding to a compositeness scale f of 550 GeV (390 GeV).

We then proceeded to test the model with respect to its compatibility with the LHC
searches for new heavy fermions and with the LHC Higgs search results. For the latter
we computed the production cross sections and branching ratios taking into account the
modified Higgs couplings to the SM particles and the new heavy fermion contributions in
the loop induced processes such as gluon fusion and the decay into photons.

It has been shown before, by applying the low-energy theorem, that if the determinant
of the heavy top mass matrix factorizes into a part depending on the Higgs non-linearities
and a part depending on the details of the heavy spectrum — as it is the case here and in
most minimal models — then the loop-induced Higgs coupling to gluons that enters the
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dominant gluon fusion Higgs production process at the LHC is not sensitive to the details
of the spectrum of the top sector, but only depends on the Higgs non-linearities. In the
case of bottom loops, however, the LET cannot be applied any more, so that the gluon
fusion production cross section now shows a dependence on the masses of the heavy bottom
partners. We performed a global x? test based on the Higgs signal strengths provided by
ATLAS and CMS, on the EWPT and on the measurement of |Vy|. Keeping in addition
only those parameter points which fulfill the limits from the searches for heavy fermions,
we found that numerous scenarios are compatible with all the constraints, with the best fit
point being closer to the SM when considering the CMS data than for the ATLAS data.
For CMS data the best fit point is at £ ~ 0.05, for ATLAS data at £ ~ 0.1. Seeking for
a natural explanation of the light Higgs boson mass the lightest top partner cannot be
too heavy. Taking this into account the global x? for the best fit point deteriorates and is
now obtained for £ ~ 0.07 for the ATLAS data, while it hardly changes for the CMS data.
The corresponding lightest top mass here is about 1.3 TeV, for ATLAS data it is around
800 GeV.

In summary, being guidelined by the principle of introducing a minimum amount
of new parameters, we investigated a Composite Higgs Model with composite top and
bottom quarks. We found that the model is in very good agreement with the EWPT,
the measurement of V3 and the LHC data from the Higgs and heavy fermion searches.
Composite bottom partners can even ameliorate the compatibility of the model with the
EWPT. Though the characteristic scale of the strong sector is pushed to somewhat higher
values when applying in addition the connection between a light Higgs mass and the lightest
new resonance of the model, it is still in good agreement with all the constraints.
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A The fermion couplings to the gauge bosons and to the Goldstone
bosons

For the calculation of the New Physics contributions of our model to the Zbyb;, coupling we
need the couplings of the fermions to the gauge bosons and to the Goldstone bosons. The
former are obtained from eq. (2.14) after rotation to the mass eigenstates. The fermion-
Goldstone boson couplings have been derived from the Lagrangian given in eq. (2.13), by
using eq. (2.5) and making the identifications according to eq. (2.28). In order to define
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the couplings in a general way, the Lagrangians for the specific couplings of the W bosons,
the Z bosons, the charged Goldstone bosons G* and the neutral Goldstone boson G° to
the quarks ¥ of charge @), respectively, () — 1, are parameterized as follows

&V:i%Wj@6W<%?72+V§EﬂaW@€U+ho, (A.1)
EZ::ié;zpigyﬂ(XgLPL+,X§RPR—2s%Qﬁ”)mg, (A.2)
ﬁgi:é%gﬁ%(w§%i+wﬁ33ﬁw@{u+ha, (A.3)
£Go::i%;G“@&(YﬁLPE4—K?RPR)Wé. (A.4)

The indices 4,7 run over the quarks present in the model, V@L/R XQL/E yWQL/E and
Y@L/E denote the coupling matrices and Pp, r the projectors

1
Prr= 5(1 Fs) - (A.5)

Here and in the following we use the abbreviations ¢y = cosfy and sy = sin fy. For the
coupling of the Z boson to the quarks we define for later use

Xg’(L’R) = Xg’(L’R) — 28]2/‘/-@5” . (A6)
The coupling matrices of the neutral Goldstone boson to the charge-(-1/3) fermions are
given by
0 O 0 0
VI=¢
2c 0 0 %\/g —*
—1/3,L _ 4CW rrbt 22 b
Yyl =i="Ur | g _yyg o _wie UL (A7)
2 Qﬁ
0 wi=¢ yvi-¢ 0
V2 2V2
Y—1/3,R — (Y—1/3,L)'|" (AS)

with € = v2/f2. And the coupling matrices of the positively charged Goldstone boson to
the charge-2/3 and charge-(-1/3) fermions read
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B Results for the corrections to Zb.by,

In this appendix, the results for the corrections to the decay vertex Zby by, will be presented.
The decay amplitude M"®Y as defined in eq. (3.7) gets loop contributions from the top

quark and its partners, ./\/l?e‘r’“’y7 from the bottom quark and its partners, M?eavy, and from
Higgs bosons in the loops, M%eizg,
Mheavy _ M}:leavy + Méleavy + Mlﬁ?g‘g ) (Bl)
We introduce the reduced masses
2 2 2
m; m b M
Yi = —, yw = —2  and y/g:ff, (B.2)
my mz mz

where m; is the mass of one of the top quarks denoted by the index i and m;g the mass
of one of the bottom quarks, denoted by the index 5. With the definitions of the gauge
and Goldstone boson couplings in appendix A we then obtain for the contributions from
the top quark and the heavy top partners (Q = 2/3),

Z VIvel X2 EY + X3V EY)

Mheavy Z
87rsW -

L QL QL ij | QR ij
"‘Wj% chl? *(Xff Ei]+Xff Ey)

- (5 (v=vg + vghvg™) ey -

1 L L Lx QL ;
WL (g wwg)

2 2
+ (st = D)W B - 26 |VigH| B+ 4st Re(VEH W B

ZX 1/3,L WQR*WQL _ 4VQRVQL*) i3 : (B.3)

where the summation over i, j is over all indices appearing in the top mass matrix and
the summation over S over all indices appearing in the bottom mass matrix. The index b
stands for the mass eigenstate with the bottom quark mass. The abbreviations introduced
in the above formula are given by

Eij = Vyiy; 1 (yi, yw, v5) (B.4)

EY = Div—2+yi +y; — 2yw + 21 (v, yw» v;) (i —yw — 1) (5 — yw — 1)

Yi —Yyw

2y; vi + Y5 — 2yw
+ log(y; (j - y> + 2yw log(yw <1 — , B.5
(vi) yi —yw (ww) (yi —yw) (Y — yw) (B:5)

2y;
(i) i+ 5 — 20w — 3) + log(y:) ( - yi)
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5 [Dlv + 1+ +y; — 2yw + 20 (v yw y5) (Wi — yw) (Y5 — yw)

—Ia(yi, y;) (yi+y; —2yw +1) — yi log(ys) —y; log(y;) +2yw log(yw)} ,  (B.6)
Re[ — Div + 2 — log(yw) + 2+ (4}, yw, vi) og(1 — /x4 (v}, yw, vi))

T R

1
: for yg #0,(B.7)
—Div+1-— log(yi) — log(yw)
Yi —Yw yw — Ui
YT I og (i fyw) for y =0
\ 2(yi — yw) (Ui —yw)? ’

Div 1

- T3 +yi — yw — yilog(yi) + yw log(yw)
1

—Li(yw, yisyw) ((vi —yw)* + i) — L(yw, yw) (yz —yw + 2) , (B.8)

3Div—4+2(y; —yw) — 2L (yw, vio yw) ((vi — yw)* + 2yw)

—L(yw,yw) (2y; — 2yw — 1)

2y; 2
+2log(y;) ( i _ yi) + 2log(yw) (— Jw +yW) , (B.9)
Yi —Yw Yi —Yyw
B = \ywyi L (yw vi yw) (B.10)
and
yTiRe [1 +—2_log <yw) + x4 (yh, yw, vi) og(1 — 1/z4 (y, yw, vi))
Yp yw — Yi Yi
Ef = +a—(yg, yw, i) log(1 — 1/w—(yg,yw, )| for g #0,
b
0 for yg=0.
(B.11)
with
ys =2\ dys
T (Y1, Y2, Y3) = <1 + ) -—=1, (B.12)
n Y

1
zy1 + (1 — x)y2 ]
o o o . (B3
l(yl Y2 93) /(; a:+y2—y3 g|:;13y1—|—(1—]:)y3—117(1—517) ( )

1
Iy, y2) = /0 dzloglzy + (1 — 2)y2 — x(1 — )] . (B.14)
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The symbol “Div” in the formulae stands for the divergent part and cancels in the end.
The expressions Ey, s, B3, E5, Eg and E7 are the same as the ones obtained in ref. [51],
whereas due to the mixing matrix renormalization expression E4 changed and an additional
contribution corresponding to the Eg term was added. Note that the gauge boson self-
interactions and the interactions of the Goldstone bosons with the gauge bosons in the
derivation of the result for MY are those of the SM and defined as in ref. [51].

In case the fermions in the loop are the bottom quark and its partners, the amplitude
M?eavy is obtained from eq. (B.3) for Q = —1/3 by taking the first three lines and the last
line and making there the replacements

yw — 1, yi; — ygj, VZ?(L ) \/ilcw Xg(L’R) and WZ.?(L’R) — \[TCWY;Q(L’R) .
(B.15)
Additionally, for bottom partners in the loop there are also Higgs contributions. They read

heavy _ o Ahbbx Fvhbb (- —1/3,L nij | —1/3,R paij
Miigss = 552 D | DG G (X R + X R

5 —1/3,L, ~ = -1 3LEJ = hbb & = =
G 59 + 5 EL (G 1 i)

4sW

\ch

where in the E; expressions as given by eqgs. (B.4)—(B.11) the replacements yw — m3 /m?%

Re(GIP X, V> BL (B.16)

and y; — yﬁ-’ have to be done. All summations ¢ and j are understood as summations over
the bottom indices. And we defined

- V2s
G = S (UD) G - (B.17)

with Uz’R and G5 as in egs. (2.20) and (2.27). For the SM result Mé{f, the top-loop
contribution /\/lgM has been calculated from eq. (B.3) by replacing the couplings with the
corresponding SM couplings and by taking into account only top contributions, i.e. no
summation over heavy top partner contributions is performed. Analogously the bottom-
loop contribution /\/lgM is obtained from the first three lines of eq. (B.3) after making
the replacements eq. (B.15) and by substituting the corresponding SM couplings where
necessary and not taking into account any heavy bottom partner loops.

C Correlation in the Higgs production channels

In their measurements of the signal strengths u; for Higgs boson production and decay,
ATLAS and CMS can discriminate between the different Higgs production mechanisms by
looking at the collider signature of individual events. It is particularly interesting to sepa-
rate the production mechanisms involving the coupling of the Higgs boson to gauge bosons
— vector boson fusion and Higgs-strahlung — from those involving the coupling of the
Higgs boson to fermions — gluon fusion and associated production with top quarks. The
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Hogriun | Pverive | Dfggrin | Afveriva | p

CMS H—-WW 0.761 0.321 0.229 0.701 -0.226
H— ZZ 1.001 0.944 0.464 2.481 -0.739

H — bb 0.308 1.590 0.794 0.827 -0.467

H—rr 0.684 1.591 0.794 0.827 -0.467

H — vy 0.466 1.668 0.394 0.866 -0.478

ATLAS | H - WW | 0.828 1.796 0.358 0.782 -0.178
H—ZZ 2.119 -2.132 0.751 4.679 -0.800

H—7r | 2335 | -0.005 1.668 1.114 -0.512

H— vy | 1.695 2.041 0.418 0.849 -0.273

Table 4. Best fit values of the set of parameters (L ,p iin, bvsrivis Dggrrin, Ay sriva, p) that
reproduce the contours provided by ATLAS (at 95% C.L.) and CMS (at 68% C.L.) for each Higgs
boson decay channel, see figure 10.

corresponding signal strengths in a given decay channel are then denoted by u(VBF 4+ VH)
and p(ggF + tth), respectively. The categorization of a single event into one of the two
production channel combinations, u(VBF + VH) or u(ggF + tth), is nevertheless ambigu-
ous, and there is therefore an important correlation among both signal strengths for each
decay channel. Both ATLAS [202] and CMS [203] make this correlation explicit by plot-
ting the 68% (ATLAS and CMS) and 95% (ATLAS only) confidence level contour in the
plane u(VBF + VH) — u(ggF + tth). These contours are reproduced here in figure 10
(solid lines). The complete statistic tests used by the collaborations to produce these
contours are not publicly available, but since the contours follow obviously an ellipsoidal
shape, we can fit them with the ellipses obtained from a x? test with two variables. Us-
ing the correlation matrix of eq. (5.4), we find for each channel the set of five parameters
(Hggritins verivis Dggriuns Ay priva, p) that give the best fit between the contour pro-
vided by the experiments and the x? test. The numbers that we obtain are given in table 4.
For CMS, the fit to the 68% C.L. contours matches perfectly. For ATLAS, we choose to fit
the 95% C.L. contours, and the agreement is very good as well, although less precise. The
channel H — ZZ for ATLAS is peculiar, since the given contour displays a sharp cutoff
for negative values of u(VBF + VH). Since such negative values are never reached in our
model, the fit given by the ellipse is fine for our purposes. Notice also that ATLAS does
not show a contour for the channel H — bb. Here we use instead the total signal strength
in all production channels, eq. (5.5).
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Figure 10. Contours obtained from the experimental collaborations [202, 203] (solid lines) and

from

our x? test with two variables (dashed lines) for CMS (left, 68% C.L.) and ATLAS (right,

95% C.L.) and for each Higgs decay channel separately.
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