mzuriCh ETH Library

Simple and realistic composite
Higgs models In flat extra
dimensions

Journal Article

Author(s):
Panico, Giuliano; Safari, Mahmoud; Serone, Marco

Publication date:
2011-02

Permanent link:
https://doi.org/10.3929/ethz-b-000036261

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
Journal of High Energy Physics 2011(2), https://doi.org/10.1007/JHEP02(2011)103

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://doi.org/10.3929/ethz-b-000036261
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP02(2011)103
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: December 17, 2010
ACCEPTED: February 7, 2011
PUBLISHED: February 24, 2011

Simple and realistic composite Higgs models in flat
extra dimensions

Giuliano Panico, Mahmoud Safari® and Marco Serone®*°
@ Institute for Theoretical Physics, ETH Zurich,
8098 Zurich, Switzerland

b International School for Advanced Studies (SISSA) and
Istituto Nazionale di Fisica Nucleare (INFN),
Via Bonomea 265, I-34136 Trieste, Italy

€ Abdus Salam International Center for Theoretical Physics (ICTP),
Strada Costiera 11, I-34151 Trieste, Italy

E-mail: panico@phys.ethz.ch, safari@sissa.it, serone@sissa.it

ABSTRACT: We construct new composite Higgs/gauge-Higgs unification (GHU) models in
flat space that overcome all the difficulties found in the past in attempting to construct
models of this sort. The key ingredient is the introduction of large boundary kinetic terms
for gauge (and fermion) fields. We focus our analysis on the electroweak symmetry breaking
pattern and the electroweak precision tests and show how both are compatible with each
other. Our models can be seen as effective TeV descriptions of analogue warped models.
We point out that, as far as electroweak TeV scale physics is concerned, one can rely on
simple and more flexible flat space models rather than considering their unavoidably more
complicated warped space counterparts. The generic collider signatures of our models
are essentially undistinguishable from those expected from composite Higgs/warped GHU
models, namely a light Higgs, colored fermion resonances below the TeV scale and sizable
deviations to the Higgs and top coupling.
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1 Introduction

Many alternative scenarios of new physics beyond the Standard Model (SM) have been
proposed to address the gauge hierarchy problem. Among these, an intriguing idea is the
possibility of identifying the Higgs field with the internal component of a gauge field in
extra dimensions [1-7], resulting in the so called gauge-Higgs unification (GHU) models. In
warped space [8, 9], as suggested by the AdS/CFT duality, GHU models can be seen as a
(relatively) weakly coupled 5D dual of 4D strongly coupled conformal field theories [10-12],
where the Higgs field emerges as a composite pseudo-Goldstone bound state of the strong
sector [13, 14].! From a wider perspective, GHU models in warped space are concrete and

!Contrary to the original AdS/CFT duality [15-17], where both sides of the duality are well-defined, the
4D dual theories of the GHU models in warped spaces are unknown. More precisely, what is so far lacking
is an UV description of the 4D theories in terms of fundamental states such as quarks, gluons or strings,
while we know, through the 5D construction, the low-energy “chiral” Lagrangian associated to them.



successful realizations of the old idea [18, 19] of composite Higgs models. The simplest
composite Higgs models consist of two sectors: an “elementary” sector, which includes the
gauge and fermion fields of the Standard Model (SM), and a “composite” sector, which
is strongly coupled and is invariant under a suitable global symmetry. The dynamics of
the composite sector induces a spontaneous breaking of the global symmetry, giving rise
to a set of Goldstone bosons, that, for a judicious choice of the symmetry group, can be
identified with the Higgs field. A small explicit breaking of the global symmetry is induced
by gauging a part of it via the SM gauge bosons and by the weak mixing of the SM fermions
with the strong sector. The composite Higgs is thus a pseudo-Goldstone boson and acquires
a potential at the radiative level, which triggers electroweak symmetry breaking.

The symmetry structure of the composite Higgs scenario can be efficiently used to
perform some model-independent studies by using purely 4D low-energy effective field
theory considerations. This approach has been followed to find general parametrizations
of the non-linear sigma model describing the Higgs field and its interactions [20] and of the
interplay of the SM fermions of the elementary sector with the composite sector [21].

Despite the importance of understanding general qualitative properties of composite
Higgs models by means of 4D effective field theory methods, these approaches can not
furnish a complete description of the composite Higgs scenario. In particular, they do not
allow to study all the properties of the strongly coupled sector and they do not allow to
compute quantities which are related to a UV completion of the effective theory. A more
quantitative description of the composite Higgs scenario is so far only possible by con-
structing explicit GHU models in extra dimensions. These allow to extract all the relevant
low-energy observables, including the ones which are usually not computable in the 4D the-
ories, namely the Higgs potential and the detailed mass spectrum of the theory, which is a
crucial ingredient in determining the electroweak precision parameters. The symmetries of
the extra dimensional set-up can be made explicit by using a holographic effective descrip-
tion [22-25], in which the “elementary” sector of the composite Higgs models is identified
with the field components localized at one end-point of the extra-dimension (hereafter de-
noted UV brane), taken to be a segment, and the “composite” sector is identified with the
remaining field components in the bulk. In this way, it is manifest that the Higgs field
can be equivalently seen as a set of pseudo-Goldstone bosons coming from a spontaneous
breaking of the extra dimensional gauge invariance and that the theory in the low-energy
regime reproduces the symmetry structure of the SM.

Constructing a realistic composite Higgs/GHU model is not an easy task. The most
constraining electroweak bounds one should consider are given by the T and S parame-
ters [26, 27] and by the deviation dg, with respect to the SM value of the coupling between
the left-handed (LH) bottom quark and the Z vector boson. Couplings gy g between the
right-handed (RH) top and bottom quarks with the W+ vector bosons should also be taken
into account, given the rather stringent experimental bounds on them of O(1073) [28].
Potentially deadly tree-level corrections to 1" and dg, can be controlled by appropriate
custodial symmetries [29, 30], but some tension with the experimental bounds still remains
due to sizable one-loop corrections to T and dgp coming from the fermion sector of these
theories [31, 32]. Studying composite Higgs/GHU models in warped space is also not tech-



nically easy. As a matter of fact, although a few 5D GHU models have been constructed
so far [14, 33, 34], only in one model [35] (a modified version of a model introduced in [33]
to accommodate a Dark Matter candidate) one-loop corrections to S, T and dg; (and the
Higgs potential explicitly determined) have been analyzed and the ElectroWeak Precision
Tests (EWPT) successfully passed. It is then important to look for other potentially inter-
esting models and possibly find different phenomenological features of the composite Higgs
scenario.

In the present work we want to point out that, as far as we are interested in the low-
energy phenomenology of the composite Higgs models, we do not really need to consider
the technically challenging warped models. Instead, we can rely on the much simpler flat
space implementations of the GHU idea. The resulting models may still be reinterpreted
as calculable 5D descriptions of 4D strongly coupled composite Higgs models. This is
guaranteed by the holographic interpretation, which shows that the low-energy symmetries
of the theory are independent of the specific form of the 5D metric. The Goldstone nature
of the Higgs fields, as well as the phenomenology of the fermionic and gauge sectors, are
similar on flat and warped spaces. We can also identify, through the 5D description, the low-
energy “chiral” Lagrangian associated to a would-be strongly coupled 4D dual theory. The
only relevant ingredient that warped space adds to this view is the near-conformality of the
4D strong sector. This is an important feature for what concerns the high-energy running
of the parameters of the theory and the generation of a hierarchy between the electroweak
scale and some high-energy scale, such as the Planck mass. However, as far as electroweak
symmetry breaking dynamics and collider phenomenology is concerned, these high-energy
properties are not essential and can be reliably omitted from an effective description.

Unfortunately, the simplest constructions of GHU models in flat space (see [36] for an
overview and for earlier references) turned out to be not fully satisfactory (see e.g. [37, 38]).
One of the reasons for this failure was the lack of some custodial protection mechanism for
the electroweak precision parameters. If custodial symmetries are introduced, the situation
improves but this is still not enough to build realistic theories, since one gets too low
top and Higgs masses. Another key ingredient are the so called boundary kinetic terms
(BKT) [39]. When these are introduced and taken to be large, potentially realistic models
can be constructed.? More in detail, we construct in this paper three different models, all
based on the minimal gauge group SO(5) x U(1)x, with bulk fermions in the fundamental
or adjoint representation of SO(5). In all the models, large BKT at the UV brane for
the gauge fields are introduced. In two models, large BKT at the UV brane for the bulk
fermions are also assumed. We denote them FBKT;y and FBKT5 models, where 5 and
10 denote the SO(5) representations of the fermion bulk multiplets. In the third and last
model no fermion BKT are introduced. This model is actually not new, but rather a flat
space adaptation [36] of a model introduced in [33]. We denote it with the same acronym
used in [33], MCHMj5. All the models successfully pass the EWPT, as can be seen in

2The potential interest of large BKT were already appreciated in [40], but applied to a model with
SU(3) gauge group, where the absence of a custodial symmetry led to large tree-level corrections to the T
parameter. The possibility of getting realistic flat space models with SO(5) gauge group and large BKT
was recently pointed out in [36].



figures 1, 4 and 7. As far as naturalness is concerned, the MCHMj5 model is the one with
the best performances, with a fine-tuning roughly estimated at the 10% level. This is
around a few % in the FBKTiy and FBKT5 models. The LH top and bottom doublet
and the RH top quark show a sizable degree of compositeness in all models. Considering
flat space leads to a great technical simplification in model building and to very explicit
and significantly simpler expressions for various quantities compared to the warped space
case. Moreover, the number of free parameters can be reduced and the fermion multiplet
structure in 5D can be simplified.

The structure of the paper is as follows. In section 2 we present the general framework
underlying all our models and the procedure used to compute the EWPT. In sections
3, 4 and 5 we introduce respectively the FBKT9, FBKT5 and MCHM35 models and the
corresponding results. In section 6 we conclude. We report in appendix A some simple
analytic formulas for the one-loop fermion contributions to 7', S and dg, that might help
the reader to understand how the EWPT are successfully passed in our models.

2 General framework

All the models we consider in this paper share some common properties that are sum-
marized below. The bulk gauge group is taken to be G = SU(3). x SO(5) x U(1)x.
As well-known, SO(5) is the smallest group containing an SU(2) custodial symmetry
and giving rise to only one Higgs doublet. The subgroup U(1)x is necessary to re-
produce the correct weak-mixing angle. We denote by g5 and gsx the 5D gauge cou-
pling constants of SO(5) and U(1)x, respectively. The unbroken group at y = L is
H = SU(3). x SO(4) x U(1)x =~ SU(3). x SU(2);, x SU(2)g x U(1)x. The unbroken
group at y = 0 is H' = SU(3). x SU(2), x U(1)y = Gsm, where the hypercharge Y is
Y = X 4 T3p.

We work in the following in the “holographic” basis for the gauge fields, namely we
define the SM gauge fields as those which have SM couplings (with no deviations) to the
elementary fermions (i.e. completely localized at y = 0 [23]). We use holographic tech-
niques to efficiently compute the Higgs potential and tree-level corrections to electroweak
observables (see [36] for an introduction to the basic holographic techniques used in models
with extra dimensions). In the “holographic” unitary gauge A, = 0 [25], the Higgs field is
encoded in the sigma-model field (see appendix C of [36] for our SO(5) conventions):

4 ~
V2th, V2
Y =ex , fr= . 2.1
w5 o "

Neglecting the color SU(3), factor, the boundary conditions (b.c.) for the (non-canonically

normalized) gauge fields are as follows:

oL =Fh p=Fux=0, Al=0, a=1,23,6€G/H, y=1L, (22
a 1,2
wr = Foyr+ Fuyx =0, AL =A 75 =0, A3 p=A,x=DB,, y=0.

We introduce localized gauge kinetic terms at y = 0 only. The EW gauge Lagrangian is
Ly = Lsg+ L4g0+ Lag,L, (2.3)



with

L
1 1 1 1
Ls, = [ d —T[—sz 8, A 2} 7[—71?2 8, A 2} .
59 /0 y{Qgg r 2 ,uu+( Y ,u) +29§X 2 uV,X+( Y IMX)
3
0L “ 0'L
‘64970 = _p Z(WMV)Q - ﬁBZV’ [‘4g,L =0. (24)
95 =1 I5x

In eq. (2.4), Wy, and By, are the field strengths of the SU(2),, and U(1)y gauge bosons,
respectively, # and 0" are dimensionless parameters and the SO(5) generators are normalized
as Trigty = dqp in the fundamental representation. We do not report the holographic
Lagrangian for the SM gauge fields W and By, that can be found in [36]. The SM gauge
couplings constants g, ¢’, and the Higgs VEV v are related as follows to the 5D parameters:

12L<1+9) LZL(l—FG’) L Uz:ﬁ: 2,2 (2.5)
g’ g 97 gx 95 giL T
valid for a < 1/3, the region of interest. In eq. (2.5),
_ s _ _ 2 ~
Sq =sin(a), a= T h = h:,  (h) ~ 246 GeV. (2.6)
h

In the holographic basis, the custodial SU(2)p symmetry, unbroken at y = L, is completely
manifest, resulting in a vanishing 7" parameter at tree-level [29]. The S parameter is not
vanishing and given by
4 2 2

W _Sa_ (2.7)
3em 1+ 0

where o, is the electromagnetic constant at the My scale, e, ~ 1/129, and sy = sin Oy,

Stree =

with 6y the weak-mixing angle. For s, < 1/3, the mass of the W is given by

Sa
My ~ ————. 2.8
N TN S (28)
In the same limit, the mass M, of the lightest non-SM vector mesons is
T
M, ~ —. 2.9

The gauge contribution to the Higgs potential, for § ~ 6 > 1 and s, < 1, is well
approximated by

3 [dip , 1L —IIF sec? Oy (I, — IIF)
Vv, ~ = 2log (1 —9 9 ) 4log(14s? g g )] , (2.10
=5 o e (1 ) e (1 2 S )| 210

where
I} (p) = ptan(pL), TI (p) = —pcot(pL). (2.11)
Let us now turn to the model-dependent fermion sector of the Lagrangian. We only

consider bulk fermions in the 5 or 10 representation of SO(5). The fermion Lagrangian
that encompasses all models has the following form:

Li=Lss+ Lyso+ LagL, (2.12)



with

nio

L n5
Lsy = /0 dy[zgz‘(zﬂ —m;)& + Z Tré&, (i) — ma)éa | (2.13)
i=1 a=1
Lago =Y Znthniltbn | 214)

Lapp =Y thntnthy + hec.. (2.15)

In eq. (2.13) & and &, denote the bulk fermions in the 5 and 10 of SO(5), respectively. In
eq. (2.14) v, denote the SU(2)r, x U(1)y chiral fermion components of the bulk multiplets
that are not vanishing at y = 0, and Z,, are their corresponding boundary kinetic terms.
In eq. (2.15) 1, and 1, denote the SO(4) x U(1)x chiral fermion components of the bulk
multiplets that are not vanishing at y = L and can mix through the mass terms m,,. The
fermions v, and ¥, have classical dimension two in mass, like a 5D fermion, so that the
BKT Z, have dimension one and the IR mass terms m,, are dimensionless. No localized
fermions are introduced.

Once the symmetry between the two-end points y = 0 and y = L is broken by the
BKT, the end-point (UV brane) where the BKT are non-vanishing effectively defines the
“elementary” sector of the composite Higgs model and the resulting models resemble more
closely the analogue ones in warped space. This is the main reason why we have not
introduced similar BKT at y = L for gauge and fermion fields. This choice is quantum
mechanically stable. If not introduced at a given scale, BKT at y = L will appear through
running effects [41], but with small coefficients ~ g2/(167%). Large BKT are also quantum
mechanically stable, since in the limit in which the BK'T becomes infinite, the zero mode
of the Kaluza-Klein (KK) tower of the associated field becomes purely elementary and
decouples from the massive composite KK modes.? Including large BKT for the fermions
is thus natural and does not affect the cut-off A of the model. On the contrary, the
gauge BKT have an impact on A and tend to lower it (for a discussion see e.g. [36]). The
difference with the fermions comes from the fact that the gauge BKT determine the 4D
gauge coupling constant. If we fix the 4D gauge coupling, in order to obtain large values
for the 6 parameters we need to increase the 5D gauge coupling, thus lowering A.

As mentioned in the introduction, the most stringent bounds on 5D models of this sort
come from the S and T parameters and by the deviation dg, to the Zbpby, coupling. In all
our models we exploit the Zo LR symmetry that allows to keep the tree-level correction to
dgp under control [30]. We compute the latter by using the holographic approach. The main
contribution to dg;, arises from higher order operators with Higgs insertions, which give a
contribution of O(a?). Higher-order derivative operators are suppressed by the fermion
masses or Z boson masses and are respectively O(myL)? or O(mzL)? ~ O(a?/6), where
eq. (2.8) has been used in the latter relation. For large BKT, 6 > 1, all higher derivative
operators can be neglected and we can reliably set the momentum of all external fields to

3This can be easily seen by noticing that the shape of the zero-mode wave function is independent of
the BKT and, in the limit of infinite BKT, its normalization goes to zero.



zero. In this limit, the computation greatly simplifies and compact analytic formulas can
be derived.

Since the symmetries protecting the T parameter and Zbrb; at tree-level are not
exact, one-loop effects to such observables are expected to be important and must be
included [31, 32]. Non-SM fermions, being significantly lighter than non-SM vector mesons,
play the dominant role, so it is a good approximation to just compute the one-loop fermion
(top) contribution to 7" and d§gy.* Performing one-loop computation using holographic
techniques is not easy, so we resort here to the more standard KK approach. Along the
lines of [31, 32], we compute the masses and the Yukawa couplings mixing the lightest KK
states with the top quark and by standard techniques compute the one-loop correction to
T and g, [42]. We actually also compute one-loop corrections to S,” since the one-loop
suppression factor g2/(167?) is partially compensated by the mild hierarchy between the
masses of the lightest non-SM gauge and fermion states. Indeed, the one-loop contribution
to S given by a fermion (see appendix) is roughly O(N.y?v?/ (47rM]%)), where y is a Yukawa
coupling, My a vector-like fermion mass and N. = 3 is the QCD color factor. Using
egs. (2.8) and (2.9), we can write the ratio between the one-loop and the tree-level correction
to S as follows:

Slfloop Ncy2 ‘]\492
Siwee 1672 M7

(2.16)

Given that typically M, 92 pe 1OMJ%, we see that one-loop corrections to S cannot totally be
ignored, although they play a sub-dominant role with respect to 7" and §¢,.6 We report in
appendix A analytic formulas for the new physics fermion contribution to S, T" and g, in
the simplified case in which only one vector-like fermion (SU(2)r, singlet, doublet or triplet)
is relevant.

Possibly dangerous Wbgtr couplings are generated at tree-level only in the FBKTq
model. In contrast to dg,, one-loop corrections to gy, r are expected to be negligible, being
suppressed by the small bottom Yukawa coupling.

We test our models by performing a combined y? fit expressed in terms of the ¢; param-
eters [43-45], following [46]. We use the following theoretical values for the ¢; parameters’

e1 = (5.64 —0.86 Ih) x 107 + aemIp
e = (—7.10+0.16 [h) x 1072,

< «
5.2540.54 Ih) x 1072 + —2"_Snp,
( ) 4sin® Oy NF

ey = —6.47 x 1073 — 20g, np (2.17)

€3

4In the holographic basis of the gauge fields, Zbrbr, has anyhow only fermion contributions, since the
mixing in the gauge sector (i.e. the S-parameter) is rotated away [29].

5These one-loop fermion contributions to S and T refer to the standard, rather than holographic, basis,
but the two practically coincide, because one-loop corrections from light SM fields are negligible.

®The uncalculable contribution to S due to physics at the cut-off scale is O(v/A)?. For A ~ 10/L
(see [36]), this is two orders of magnitude smaller than Siree, and thus safely negligible.

"We thank A. Strumia for providing us with the updated numerical coefficients entering in the €; and
of the correlation matrix p, computed for M; = 173.1 GeV.



where Tvp, Syp and égp nvp, defined in eq. (A.1), encode the new physics contribution
without the SM one and Ih = log My cr5/Mz, with the effective Higgs mass M .y defined
as [47)®

2

1 sin® o
My epp = Mpu (m) . (2.18)

The experimental values of the ¢;, as obtained by LEP1 and SLD data [48, 49], are

€SP = (5.03+0.93) x 1073, 1 0.72 0.87 —0.29
es™ = (=7.73+£0.95) x 1073, 0.72 1 0.46 —0.26
2 s p= . (2.19)
€ = (5.444+0.87) x 1077, 0.87 046 1 -—-0.18
€ = (=6.36 +1.3) x 1073. —~0.29-0.26—0.18 1
Finally, the x? function is defined as
X = (6 =)0 Dijleg — ), 0y = aipijo; . (2-20)

The bound on gy g in the FBKT1¢ model is included by adding in quadratures to the
x? (2.20) the result coming from b — sy decay [28]:

got,r = (9£8) x 107%. (2.21)

Our results have been obtained by performing a random scan on the parameter space
of the models. The possibility of having simple analytic approximate formulas for the top
and bottom masses considerably helps in the scanning procedure, allowing us to reduce
the number of free parameters. In our analysis we take into account in an approximate
way the running of the top mass by fixing its value at the energy scale 1/L in the range
M;(1/L) = (150 £ 5) GeV.

In the next sections we will specify each model separately and present the results of
our combined fit.

3 Model I: FBKT,,

This is probably the simplest GHU model that can be built, with just one bulk multiplet
¢ in the adjoint representation 10 of SO(5). It is also the model with the least number of
parameters we consider and probably the one with less parameters so far in the literature.
The 10 decomposes as follows under SO(4): 10 = (2,2) + (1,3) + (3,1). The boundary
conditions of the LH components of the multiplet £ are

xr (+—)
€L = ZEE::; fte=r (3.1)

ldp (=), ar (+H)] /2

8Notice that in eq. (2.18) we have replaced A, as taken in [47], with 1/L, because in GHU models by
locality the Higgs contribution to e; is finite and saturated at the compactification scale 1/L, rather than
at the cut-off of the theory A.



where the first and second entries in round brackets refer to the + (—) Neumann (Dirichlet)
b.c. at the y = 0 (UV) and y = L (IR) branes, respectively. The RH components will
have the opposite b.c., as usual. In eq. (3.1), ¢’ and ¢ are two SU(2); doublets, with
TE(¢) = 1/2, Tf(g) = —1/2, which form the SO(4) bidoublet (2,2), Ty, is an SU(2),
triplet with TfY(T) = 0 and the states in curly brackets are SU(2),, singlets forming a
triplet of SU(2)g. The subscript 2/3 denotes the U(1)x charge of the multiplet. We
identify the RH components of the top (tg) and bottom (bg) fields with the massless
modes of the ur and dr components respectively.

As explained in section 2, at y = 0 we add the most general BKT for the non-vanishing
field components there, namely

£4f’0 = Zq(jLil?qL + ZtﬂRiDuR + ZbCZRiMdR + Zm.fLﬂ?xL + Z7pTr TLiETL + Zq/qj.%ilﬂq}%.
(3.2)
No mass terms are allowed at y = L and hence the IR localized Lagrangian is trivial:

Lajr=0. (3.3)

The holographic low-energy effective action, with the “bulk” physics integrated out, is
up to O(s2) terms,

L= qungL + Z aRZZHSCLR + % (H)}WQLH%R + H%QLH[)R + h.c.) , (3.4)
a=t,b

where

1 hi1 — ihs . 1 [hs—ihy
H=—  H®=iogH" — —— ) 3.5
\/§ (—hg — ih4) ‘o2 \/i <h1 + Zhg) ( )

The explicit expression of the form factors appearing in eq. (3.4) is the following:

1 5, M_(m)—1II(m)
M =pZ, +T0(c), P =pZyp — ——, TI4, = —M = (3.6
0 pb4yq +( ) 0 24X H_(m) M \/E \/ﬁﬂ_(m) ( )

in terms of the basic form factors

G_(m) G (—m)
I =—= 11 =0 3.7

which, in turn, can be expressed in terms of the bulk to boundary fermion propagators
G4 (m) = cos(wl) + % sin(wL), G_(m) = gsin(wL) , (3.8)

with w = \/p? — m2.?
Very simple formulas for the top and bottom masses can be obtained by taking the
zero momentum limit of the form factors appearing in the Lagrangian (3.4). We have

MP o 6+1 Mg o 0+1
M2, ~ 2NLN;g' M2, NrLNyr’

(3.9)

“Notice that the propagators G4 in eq. (3.8) differ by a factor w from those defined in [36]. In the
form (3.8), the propagators are real also for imaginary values of w.
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Figure 1. Scatter plot of points obtained from a scan over the parameter space of the FBKTg
model. Small red dots represent points which don’t pass EWPT at 99%C.L., square blue dots
represent points which pass EWPT at 99%C.L. but not at 90% C.L., and star shape green dots
represent points which pass EWPT at 90%C.L.. The region below the LEP bound (my < 114 GeV)
is shaded.

where
ez 1
Np=lim—2==2%
L= oL T T mL(cothmL £ 1)
mt  z 1
Nigpg = lim =0 = 240 4 (3.10)

p—0 pL L  mL(cothmL —1)"

Embedding a whole generation in a single bulk multiplet obviously implies that the upper
and lower non-canonically normalized Yukawa couplings in the holographic effective La-
grangian (3.4) are necessarily of the same order of magnitude, in our case |Y;| = v/2|Y;|.
Thus, the hierarchy between quark masses within a single generation does not arise from
field localization in the extra dimension, but by demanding the bgr to be more elementary
than tg, namely by taking the BKT Z; of bg much larger than the BKT Z; of tg, so that
Npyr > Nig and hence M, < M;. The spectrum of fermion resonances beyond the SM,
before ElectroWeak Symmetry Breaking (EWSB), is given by KK towers of states in the
27/6: 21765 1573, 1a/3, 113 and 393 of SU(2)r x U(1)y.

The fermion contribution to the Higgs effective potential is the sum of three terms,
coming from the states with U(1)q charges +5/3, +2/3 and —1/3. The former contribution,
Ve, comes entirely from heavy states, while the latter two, V; and V}, are related to the top
and bottom KK tower of states. These contributions cannot be written in terms of the form
factors appearing in eq. (3.4), since higher order terms in s, are missing and, moreover,
extra contributions arise from the bulk. The latter are absent only in the holographic basis
where one chooses as holographic fields all the components of a multiplet with the same
chirality [25]. This choice is manifestly not possible if we want to keep the ¢r, tg and
br components as holographic fields, given that they come from the same bulk field (3.1).
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Figure 2. Higgs mass my versus the mass of the first KK resonances (before EWSB) for the
points of the FBKT;g model with my > 114 GeV and « € [0.16,0.23] .

The fermion contributions to the Higgs potential (mainly the top one) is quite lengthy. For
simplicity, we report in the following the explicit form of the Higgs potential only in the
relevant region in parameter space where Zr, Z,, Z, < 1 and Z, > 1. Neglecting Zr, Z,
and Z,, we get

o R PP L s (29I 1(2, — Z,) + T —11,)
t — — C/ (27‘(’)4 n + Sa 4H+H_ (qu/H+ — 1)(pZtH_ _ 1) )
‘p , I I
Vp ~ —2N, T =
' / 2m) ( Sa ZprH+H) ’
p 2 H_ — H+
Ve = 3.11
- ( T (pZy L, — 1)) ’ (3.11)

where we have omitted the mass dependence of the form factors II.. The total Higgs
potential is finally
‘/tot:‘/g+%+%+‘/ex7 (312)
with V; given in eq. (2.10).
The tree-level contribution to dgp at leading order in an expansion in « is
2mL 7 2
¢ _mer % (3.13)
1—e?ml(1+42mZ,) 2

ogp =

The deviation (3.13) crucially depends on the BKT of the triplet, Zr. When the latter
vanishes, g, = 0 (this is actually true to all orders in «, at tree-level). This is a consequence
of a Zy custodial symmetry [30]. More precisely, g, # 0 anytime, after EWSB, by, sits in
5D fields where T # TF and the deviation is proportional to (T4 — Tf). In the case at
hand, in absence of the BKT, there is a precise cancellation between the contributions of
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the T?fLz = —1, T3L =0 and of the T}f* =0, T3L = —1 states. This compensation is explicitly
broken by Z7p. The mass-dependence of the result has also a simple physical interpretation.
Recall that in flat space, depending on the sign of the bulk mass term, KK states with (4+—)
or (—+) b.c. become light exponentially, with an exponent governed by the mass term m.
For m > 0, fermions with (+—) b.c. for the LH components become light, while for m < 0
fermions with (—+) b.c. for the LH components become light.! When |mL| > 1 and
negative, the triplet tower is heavy and dg;, is suppressed, while for positive m the triplet
tower becomes ultra-light and dg; is unsuppressed.

As we mentioned in section 2, in the FBKT;y model the coupling Witrbg is generated
at tree-level. At the leading order in «, we find

2 e2mL _ |

o
P 2B am L NirNor

with Vyr and Nyg given in eq. (3.10). When Z; = Zj, = 0, git, g is unsuppressed and it equals

(3.14)

052

gvt,R = _Tﬂ ,

which is independent of m. This non-decoupling can heuristically be understood by notic-

(3.15)

ing that when m < 0 the masses of the KK states mixing with ¢t and bg are large, but tg
and bp are more composite (peaked toward the IR brane). On the contrary, when m > 0,
tr and br are more elementary (UV peaked) but the KK states associated to the ¢’ tower
become ultra-light. For any m, the two effects compensate each other, resulting in an
unsuppressed gy g. When Z;, and Z; are switched on, gy g is suppressed by Nygr, which is
required to be large to correctly reproduce the bottom mass.

3.1 Results

The results of our numerical scan are summarized in figures 1, 2 and 3. The randomly
chosen input parameters are m, Zy, Zy, Zy, Z7, 6 and ¢'. The remaining two parameters
Z; and Zj are fixed by the top and bottom mass formulas. For stability reasons, we take
positive coefficients for all the BKT. We have scanned the parameter space over the region
mL € [-1.5,0.5], Z,/L € [0,1.5], Zy/L € [0,2], Z,/L € [0,6], Zp/L € [0,1.5], 6 € [20, 30]
and €' € [15,25].

As can be seen in figure 1, the EWPT constrain o < 1/5, with a light Higgs mass
for the less-tuned points with o ~ 0.15. The Higgs mass increases only for more tuned
configurations with o < 0.15. The lightest exotic particles are fermion SU(2)r, singlets with
Y =5/3 and SU(2), doublets with Y = 7/6, see figure 2. After EWSB, these multiplets
give rise to 5/3 and 2/3 charged fermions. Their mass is of order 1 + 2 TeV, significantly
lighter than the gauge KK modes (~ 5TeV). The doublet ¢;, and the singlet ¢z have
typically a sizable and comparable degree of compositeness, while br is mostly elementary.
When mL < —1, g, turns out to be even more composite than tg.

10T his is completely analogous to the warped space case, in which, due to a non-vanishing spin connection,
the relevant parameters are m/k + 1/2, where k is the AdSs curvature scale.
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Figure 3. Scatter plot of points in the FBKT1g model with my > 114 GeV and projected on
the Ty p-Snp plane. We have set My .55 = 120 GeV. Small red dots represent points which don’t
pass EWPT at 99% C.L., square blue dots represent points which pass EWPT at 99%C.L. but not
at 90% C.L., and star shape green dots represent points which pass EWPT at 90% C.L.. The big
and small ellipses correspond to 99% and 90% C.L. respectively.

4 Model 1I: FBKT}j

The simplest model that can be built by using the fundamental representation of SO(5) is
constructed by embedding each generation of SM quarks in two bulk multiplets & and &,.
The 5 decomposes as follows under SO(4): 5 = (2,2) ¢ (1,1). The boundary conditions
on the fields,

¢ _ |G (=) o |@L(++)
& = @2) = Q1L(++) .~ @2 = G (—+) : (4.1)
(171)2 =ur(——) 2/3 (171)% =dr(——) ~1/3

are fixed by the requirement of obtaining, out of each multiplet, the correct set of massless
components, namely a left-handed SU(2); doublet and one SU(2)y right-handed singlet.
For the third quark generation we can identify the ur and dr zero-modes with the top
and bottom RH singlets (tg and br). On the other hand, the g7 and ¢op zero-modes
provide two copies of the LH SM doublet and we need to eliminate a linear combination
of the two states from the massless spectrum. This can be easily done by modifying the
UV boundary conditions for the doublets and requiring a linear combination of the two
left-handed components to satisfy Dirichlet conditions at the y = 0 boundary (in our case
we choose (q17, + qar.)/V/2 as the SM doublet).!!
The most general BKT for the non-vanishing field components at y = 0 are

Lafo = Zeqrillqr + Ziugilur + Zydrilpdg + ZriQi gilddi g + ZrotopiDasp . (4.2)

"Equivalently one could get rid of the unwanted massless doublet by introducing a right-handed massless
fermion doublet localized at the y = 0 boundary, which couples to the extra zero-mode with a large mass
mixing.
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Figure 4. Scatter plot of points obtained from a scan over the parameter space of the FBKT}j
model. Small red dots represent points which don’t pass EWPT at 99%C.L., square blue dots
represent points which pass EWPT at 99%C.L. but not at 90%C.L., and star shape green dots
represent points which pass EWPT at 90%C.L.. The region below the LEP bound (myg < 114 GeV)
is shaded.

No mass terms are allowed at y = L and hence the IR localized Lagrangian is trivial:
Lapr, =0. (4.3)

The holographic low-energy effective action is, up to O(s2) terms, of the form (3.4), where

1
1§ = pZy + 5 (I (me) + Ly (m0)) (4.4)
1
Htvb — Z _ _ 4.
0 p t,b H_(mt’b) 9 ( 5)

I (myp) — Ty ()
V2l (mep) '

Simple approximate formulas for the top and bottom masses are obtained from the La-

il = (4.6)

grangian (3.4). One has

M? 6+1 M 6+1 (4.7)
MI%V o QNLNtR ’ MI%V o QNLNbR ’ '
where
Hq VA 1— 6—2Lmt 1— 6—2Lmb
Np = lim —% =1
L= LT L T daLm, | dLmy
Ht’b Zt b €2Lmt*b -1
N, =lim % =224 - 4.8
tRbR plg(l) oL 7 + 5Lmey (4.8)

The spectrum of fermion resonances beyond the SM, before EWSB, is given by KK towers
of states in the 27/67 2*5/6’ 21/67 12/3 and 1,1/3 of SU(2)L X U(l)y
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Figure 5. Higgs mass mpy versus the mass of the first KK resonances (before EWSB) for the
points of the FBKT5 model with my > 114 GeV and « € [0.16,0.22].

The fermion contribution to the Higgs effective potential cannot be written in terms
of the form factors appearing in eq. (3.4) for the same reasons explained for the FBKTg
model above eq. (3.11). The fermion contribution to the Higgs potential comes from the top
and bottom tower of states, Vy = V; 4+ V}. The explicit form of the top tower contribution
to the potential is given by

d4p [ . 92 H+(mt) - H—(mt) ( Zr1 — Zy
V:2NC/ In |1+ sin” « Zy +
t (27 2(pZid1_(me) — 1) \Pt T Pz (my) — 1

B pZtH+(mt) -1 >:|
2pZg + 4 (my) + 1Ly (my)

(4.9)

while the bottom tower contribution V}, is obtained from V; by the replacements t < b and
ZRr1 — Zpo. The total Higgs potential is finally

Vit = Vg + Vi + V4, (4.10)

with V; given in eq. (2.10).
The tree-level contribution to dg; at leading order in an expansion in « is

1— 672mbL

S 2. 411
16my LN, (4.11)

ogp =
The result (4.11) has a simple physical interpretation. According to the analysis of [30],
multiplets in which the bottom lives only in components with T/t = T 3L do not contribute
to dgp. This condition is satisfied by the & multiplet, hence the only corrections come from
the &, field. A comparison with eq. (4.8) shows that, as expected, the correction to gy, is
an O(a?) effect and is proportional to the fraction of the b, wave function which lives in
the & multiplet, which is encoded in the ratio on the right hand side of eq. (4.11).
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Figure 6. Scatter plot of points in the FBKT5 model with my > 114 GeV and projected on the
Tnp-Snp plane. We have set My ory = 120 GeV. Small red dots represent points which don’t
pass EWPT at 99% C.L., square blue dots represent points which pass EWPT at 99%C.L. but not
at 90% C.L., and star shape green dots represent points which pass EWPT at 90% C.L.. The big
and small ellipses correspond to 99% and 90% C.L. respectively.

4.1 Results

The results of our numerical scan are summarized in figures 4, 5 and 6. The randomly
chosen input parameters are my, my, Zr1, Zr2, Zq, 0 and §'. The remaining two parameters
Zy, and Z; are fixed by the top and bottom mass formulas. For stability reasons, we take
positive coefficients for all the BKT and myL 2 1 in order to suppress dgp, as given by
eq. (4.11). More precisely, we have taken m,L € [0.1,1.3], myL € [2,2.5], Zr1/L € [0.1,1.6],
Zro/L € [0,1], Z,/L € [0.5,2], § € [15,25], ¢ € [15,25]. As can be seen in figure 4, the
EWPT constrain o ~ 1/5, with a very light Higgs mass. The latter increases only for more
tuned configurations with @ < 0.15. Interestingly enough, the lightest exotic particle is
always a fermion singlet with Q = —1/3, see figure 5. Its mass is of order 1 TeV significantly
lighter than the gauge KK modes (~ 5TeV) and the other fermion resonances, with masses
starting from around 4 TeV. The doublet q;, is generically semi-composite, the singlet tg
is mostly composite and bg is mostly elementary.

5 Model III: modified MCHMj;

The last model we consider is the flat space version of one of the models considered in [33]
and denoted there MCHM;5. It was already noticed in [36] that this model can lead to
realistic theories also when defined on a flat segment, provided large BK'T for the gauge
fields are included. Here we perform a systematic analysis of the electroweak bounds in
this model, that was neither made in [36] nor in [33]. We describe very briefly the model,
referring the reader to section 4.2 of [36] or to the original warped space version [33] for
further details. Fermion BKT can also be introduced in this model, of course, but given
the larger number of parameters present in this model with respect to the FBKT models,
we have decided, for simplicity, to neglect them.
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Figure 7. Scatter plot of points obtained from a scan over the parameter space of MCHMj5. Small
red dots represent points which don’t pass EWPT at 99%C.L., square blue dots represent points
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The SM quarks are embedded in bulk fermions transforming in the fundamental repre-
sentation of SO(5). For each quark generation, 4 bulk fermions &;,, &;,, £, and &g in the 5
are introduced. The holographic Lagrangian for the third quark generation can be written
to all orders in s, and has the simple form

He(H)T HH?
Ly = qLZ [Hg + 52 (ng]}TH) + H({dHTH)] aw+ Y. aRIZ (Hg + siH‘f)aR
a=u,d
S2a U = c d -
+5 (M qr Houp + 13,qL Hdg + hec.) (5.1)

The expression of the form factors appearing in eq. (5.1) is reported in eq. (C.3) of [36].
The top and bottom quark masses are approximately given by

ME Gl = MR M Gl = M PR
M2, N Nur T MR N Nar ’ '
where
m 1 L
Ny = lim -2 = — dy f?
L plg(l) oL L Z /0 yfir (W),
Z:U7d7Q17(12
: Hg 1 L 2 2
NuR = })E}% ﬁ = L/() dy( uR(y) + fqu(y)> ;
Nan = 1m0 — 2 [y (7200 + £t 5.3
=lm— = .
dR 0pL L Jq Y\ Jar\Y @R\Y) |
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Figure 8. Higgs mass mpy versus the mass of the first KK resonances (before EWSB) for the
points of the MCHM;5 model with mpy > 114 GeV and « € [0.26,0.34] .

with firir(y) the “holographic” wave functions of the LH/RH top and bottom quarks
before EWSB. They read

for =€ ™Y, fpr=eT ) fup = —mye MY g = g gemmaltmalloy)
1 _ _ 1 _ _
fur = €™Y,  fur= — emul—mi(L—y) R fooR = — emal—ma(L-y)
M, My

(5.4)

The spectrum of fermion resonances beyond the SM, before EWSB, is given by KK towers of
states in the 27/, 2_5/, 21/6, 12/3 and 1_; 3 of SU(2)1, x U(1)y. The fermion contribution
to the one-loop Higgs effective potential in this model arises only from the KK towers of
the charge +2/3 and —1/3 states, and can easily be expressed in terms of the form factors
appearing in eq. (5.1). We have Vy = V; + V;, with

d4p 1% Hz (Hz )2
i = 2N, o210 (14520 ) (1452 ) = o b | i=t,b .
Vi /(277)4 og [ + 55, it + s, i S50, STIOTT i (5.5)

The total Higgs potential is

Viet = Vy + Vi + Vi, (5.6)

with V; given in eq. (2.10).
The tree-level contribution to dgp at leading order in an expansion in « is

Sgb = i) [ aylLs 5 Lss2 5.7
% =oN, Z (T55 — 3)/0 y[z(fiL"‘fiLfiL)""ifiL}a (5.7)

i=u,d,q1,q2

where TY = —1/2, T?ﬁ- is the SU(2)p isospin of the corresponding bidoublet component
where the by, lives, f;;, are the holographic wave functions of the bidoublet components of
the 5D multiplets, reported in the first line of eq. (5.4), and 0 fir, = fir — f;7,, with f the

(2
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Figure 9. Scatter plot of points in the MCHM5 model with my > 114 GeV and projected on
the Tnp-Snp plane. We have set My .5y = 120 GeV. Star shape red dots represent points which
don’t pass EWPT at 99% C.L., small blue dots represent points which pass EWPT at 99%C.L. but
not at 90% C.L., and big green dots represent points which pass EWPT at 90% C.L.. The big and
small ellipses correspond to 99% and 90% C.L. respectively.

holographic wave functions of the singlet components of the 5D multiplets. Only multiplets
where T4t # Ty contribute to dgy, as expected [30]. We have Tf' = TJf = —1/2,

Tf% = T:fd = 1/2, so that only the latter contribute to dg,. We also have f;Q 1 = fqr and

£, = Ma/mafar.

5.1 Results

The results of our numerical scan are summarized in figures 7, 8 and 9. The randomly
chosen input parameters are m,, mg, mi, Mo, MMy, Mg, 0 and ¢. The remaining two
parameters M, and My are fixed by the top and bottom mass formulas. Demanding a
small dgp at tree-level requires maoL 2 1, as can be verified by using eq. (5.7). We have
scanned the parameter space over the region m, L € [—3, 3], mqL € [—5,2.5], miL € [-2,2],
moL € [2.2,4.5], m, € [-2.3,4.1], mq € [-3.5,4], 0 € [17,27], 6 € [14,26]. As can be seen
in figure 7, the EWPT constraints are now milder, with o ~ 1/3. The Higgs is still
light, but now masses up to 200 GeV can be reached in the less-tuned region o ~ 1/3.
There is no definite pattern for the lightest exotic particles. As far as collider physics
is concerned, this model is the most interesting one, having a scale of new physics lower
than that associated to the FBKT models and fermion states below the TeV scale. As
expected, b is always mostly elementary, while q; and tr typically show a sizable degree
of compositeness. Depending on the region in parameter space, ¢z, can be semi-composite
and tr mostly composite or the other way around, with ¢ mostly composite and ¢t semi-
composite.
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6 Comments on the EWPT

We give in this section a rough qualitative picture of how the EWPT are passed in each
model. We do not try to perform here an analysis of how EWSB selects the fermion mass
spectra reported in figures 2, 5 and 8, but rather we take these spectra for granted. An
obvious feature common to all the models is Syp > 0, coming from the dominant tree-level
contribution (2.7). As well-known, given Syp > 0, the EWPT favours a light Higgs and
models where Txp > 0 rather than Typ < 0. As far as dg, is concerned, by comparing
eq. (2.17) with eq. (2.19), one finds that models where dg, np < O are slightly favoured
with respect to the ones with dgp yp > 0. Let us now turn to each model separately.

In the FBKT1g model, the lightest resonances before EWSB are the first KK states
of the exotic 15,3 and 275 towers, see figure 2. The charge 5/3 states do not contribute
to dgs,np at one-loop level, and their contribution to Tivp is negligible with respect to
the one given by the charge 2/3 states (compare eq. (A.14) with eq. (A.24)). The latter
contribution to Ty p is always negative. The FBKT;y model features an SU(2);, triplet
state, whose tree-level contribution to g yp can be sizable and can play an important role
in the EWPT. The total combination of these effects does not allow to have large enough
values of «, which is then constrained to be at most o ~ 0.2.

In the FBKT5 model, the lightest resonances before EWSB are the first KK states
of the 1_;,3 tower. As we already remarked, such states have a small overlap with the
bottom quark and hence a negligible contribution to Syp, Typ and dgp yp. The next to
lightest resonances are the two towers of states in the 2y /5 and 275, which have comparable
Yukawa couplings with the top quark. By SO(4) symmetry, the net contributions to Ty p
and dgp yp of these two states tend to compensate each other. Since typically the 27/
states are lighter than the 2,5 ones, we get a net negative contribution to Txvp and a
negligible contribution to dgp np, since the doublets contribution to dgy nyp is suppressed
(see egs. (A.11) and (A.16)). In this situation, dg, is sub-dominant and we get the quite
standard behaviour depicted in figure 6, with Syp > 0 and Tnyp < 0.

The MCHM35 model is the most interesting and complicated to analyze, given also the
more intricate pattern of fermion spectrum depicted in figure 8. The tree-level contribution
to dgp is typically positive but small. The novelty of this model with respect to the FBKT
ones is the appearance of configurations satisfying EWPT with a sizable positive T p, see
figure 9. This is related to two features appearing in the MCHMj5 model. The first is
the possibility of having a moderate hierarchy between the Yukawa couplings A; and A7
of the lightest states 2,5 and 276 with the top quark. It arises thanks to the presence of
four bulk fields and IR mass terms, that lead to a larger SO(5) symmetry breaking with
respect to the FBKT models. As in the FBKT; model, the 275 states are lighter than the
21,6 ones (with the singlet 1, /3 considerably heavier than both), but it often happens that
A1 > A7 resulting in a net dominance of the 2,5 state with respect to the 276 (a similar
pattern arises in a specific region in parameter space of the warped model studied in [35]).
The total result is a sizable Tvp > 0 and a negligibly small 6g; yp. The second feature is
the possibility of having light singlet 15,3 states (compare figures 2 and 5 with figure 8).
In the FBKT models, the 15,3 states always have (++) or (——) b.c. and are hence heavy,
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while in the MCHMj5 model, due to the presence of more bulk fields and IR mass terms,
they have mixed b.c. and can be light. Their presence is important, because they positively
contribute to Typ. Taken alone, the singlets would also give rise to unacceptably positive
and large contributions to dg, yp, but it turns out that the net effect of the 25, 276
and 1,3 states is to keep dgp np small, while having Ty p positive and sizable. We do not
exclude that other patterns may exist, where the same desired configuration of Txp > 0
and gy np ~ 0 is obtained.

7 Conclusions

We have constructed three different composite Higgs/GHU models in flat space with large
BKT, based on the minimal custodially-symmetric SO(5) x U(1)x gauge group, and we
have shown that EWSB and EWPT are compatible in these models. We stress that model
building in this context is significantly simpler than in warped space.

The Higgs is predicted to be light with a mass mpg < 200 GeV. The lightest new-
physics particles are colored fermions with a mass as low as about 500 GeV in the MCHM5
model and 1TeV in the FBKT models. Their electroweak quantum numbers depend on
the model and on the region in parameter space, but they are always particles with electric
charges -1/3, +2/3 or +5/3.

The next step in constructing fully realistic models would be the addition of the light
two quark generations, leptons, and flavour in general. We expect that the typical known
patterns of flavour physics in warped space, such as the so-called RS-GIM, should also
be captured by our effective flat space description. Indeed, in presence of large BKT, the
cut-off of the theory becomes effectively a function of the position in the internal space and
is maximal at the UV brane, with the SM fields becoming more elementary (peaked at the
UV brane at y = 0) and the KK states more composite (peaked at the IR brane at y = L).
In this way, otherwise too large flavour-changing violating operators might be naturally
suppressed. It would be very interesting to study this issue in detail and see whether and
to what extent this expectation is valid.

The very broad collider signatures of our models completely fall into those of compos-
ite Higgs/warped GHU models. The correct EWSB pattern in all composite Higgs/GHU
models constructed so far (warped or flat, with SO(5) or SU(3) gauge groups) seems to in-
dicate that the lightest (below TeV) new physics states beyond the SM should be fermionic
colored particles, with model-dependent SU(2), x U(1)y quantum numbers. Of course, this
generic prediction cannot be seen as a “signature” of composite Higgs/GHU models. More
specific predictions are the expected sizable deviations to the SM Higgs-gauge couplings or
to the SM top couplings, but at this stage of the LHC run these are details that cannot be
detected in the short term.
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A One-loop fermion contribution to the S, T' parameters and the Zbpb,,
vertex

We collect in this appendix the one-loop fermion contribution to 7", S and dg; in particular
limits where relatively simple analytic expressions are available. This is motivated by
the fact that often in our models one or two fermion states are significantly lighter than
the others and dominate the loop corrections. The SM quantum numbers of these light
fermion states vary along the parameter space and thus it can be useful to list the single
fermion contribution to T, S and dg,. We compute the one-loop contribution to g, in the
approximation in which the external momentum of the Z is set to zero (see [50] for a more
general computation). The contribution of the first two light quark generations, including
their KK towers, given their light masses and small Yukawa couplings with the KK modes,
is expected to be negligible. We have actually checked that even the fermion mixing in the
bottom sector is negligible, so that only the charge +2/3 states mixing with the top quark
should be considered. We define in what follows by Tnp, Snyp and dgp np the fermion
one-loop contribution given by new physics only, with the SM contribution subtracted:

ITnp =T —-Tsy, Snp=95—Ssm, dgpnp =09 — Ogp5M , (A1)
where
]_ ]. 2 NCT NC Ml)2
9b,SM 5 + 38W ; SM 16713%, ; SM = 1gx + log R )
« r(r2 =Tr4+ 6+ (2+3r)logr M?
5gb,SM = 67712 ( ( ) ) g ) 5 r= ; ’ (AQ)
167sy;, (r—1) Mg,

sw = sin Oy, and My is the pole top mass, M; = 173.1 GeV [51].

We do not exploit the full SO(5) symmetry underlying our model and classify the new
fermion states by their SM quantum numbers. In this way, the explicit SO(5) symmetry
breaking effects due to the UV b.c., that can be sizable, are taken into account and more
reliable expressions are obtained. For simplicity, we take in the following all Yukawa
couplings to be real, the extension to complex ones being straightforward.

A.1 Singlet with Y =2/3

The simplest situation arises when the top quark mixes with just one SM singlet vector-like
fermion X with hypercharge Y = 2/3. The two possible Yukawa couplings are

LD ytchHctR + quLHCXR + h.c. — )\tLTLtR + )\XELXR + h.c., (A.S)

where here and in the following we use the notation that \; = y;v/v/2 is the mass parameter
corresponding to the Yukawa coupling ;. The \; are assumed to be small with respect

- 29 —



to the vector-like mass Mx of the new exotic fermions. By using standard techniques and
keeping the leading order terms in the \;/Mx expansion, we get

NAZ (2At2 log (M) + A% — zAf)
Tnp = 1 5 ]\22 M2 ) (A4)
6 sy My, M5

2 MXy
o N2 (2 log (%) 5) )
Nr 187 M2 ’ '

QemMl (QA,% log (45) + 2% — 2A§)

Sgpnp = : , A6
NP 16752, M2, M2 (8.6)

in agreement with [31, 32, 47]. For simplicity, in eq. (A.6) we have only reported the
leading order terms in the limit A\; /My > 1. The top mass is given by

M, ~ )\t<1 - 2?3)2() . (A7)

As can be seen from eqgs. (A.4)-(A.6), for a sufficiently large Mx, Typ and dgp yp are
closely related and positive (like Syp).

A.2 Doublet with Y =1/6

The two possible Yukawa couplings mixing the top with a new doublet Q1 with hypercharge
Y =1/6 are

LD yqrHtg + y1Q1LHCtR + h.c. — )\thtR + AlQIuLtR + h.c.. (AS)
We find
2
. N2 (mg log (5F) + 2% - 9/\?) N
NP = 24ms?, M, T ’ (8.9)
NA3 (410g (5) = 7)
Syp = al (A.10)
187rM12 ’
2
5 aem)‘%)‘% log (%) A1l
gyNP = 327TSI2A/M5VM12 ) ( . )

in agreement with [31, 32]. The top mass is given by

M, ~ At(l - 2?512) . (A.12)

As can be seen from egs. (A.9)-(A.11), for a sufficiently large M1, Tnp, dgp np and Snp
are all positive.
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A.3 Doublet with Y =7/6

The two possible Yukawa couplings mixing the top with a new doublet Q7 with hypercharge
Y =7/6 are

LD yqrHtg + y7Q7LHtR + h.c. — Mtrtp + )\7@7st1~2 + h.c.. (A.13)
We find
M2
. NAZ(6X2 log (5F) - 22 - 03?) o
NP — — ) .
247T5%,M€VM72
M2
. NoAZ(410g () - 15) Ny
NP — — 187TM72 ) ( . )
2
5 B QemA2A? log (1‘/\4—?7) A.16)
GNP = g N MZ (-
in agreement with [31, 32]. The top mass is given by
A7
M:A(l——). A7
t t 2M72 ( )

As can be seen from eqgs. (A.14)—(A.16), for a sufficiently large M7, Typ, dgp, np and Syp
are all negative.

The contributions to 7', S and dg, of the doublets with Y = 1/6 and Y = 7/6 are
almost the same in magnitude, but opposite in sign. When present together, then, there
tends to be a partial cancellation among these two contributions. In the SO(4) invariant
limit in which M; = M7 and A\; = A7, their contributions to 7" and dg; precisely cancel.

A.4 Triplet with Y =2/3

The two possible Yukawa couplings mixing the top with a new triplet 7" with hypercharge
Y =2/3 are

LDy qrHtg + \/in(jLTRHC + h.c. = Mtptg + ArtpTog + h.c., (A.18)
where Tp g is the triplet component with 737, = 0. We find

N3 (180 log (5F) + 1922 — 303?)

Thp = A.19
NE A8msZ, MZ, M2 ’ (A.19)
. NeX3 (410g (M) - 29) \
- _ .20
NP 187TM% ) ( )
2
aem 3 (203 10g (5F) - 22
ogp,NP = — 53 : (A.21)
167 sy, My, M+
The top mass is given by
)\2
T
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As can be seen from egs. (A.19)-(A.21), Tnp > 0 and dgp vp < 0. Contrary to the
previous cases, the bottom quark mixing cannot consistently be neglected, since the same
Yukawa coupling in eq. (A.18) mixing the top with the 737, = 0 triplet component gives
also a mixing between the bottom and the T3;, = —1 triplet component. This mixing is at
the origin of the log term involving the bottom Yukawa coupling ) in eq. (A.20), which
enhances the fermion one-loop contribution to S with respect to the previous cases and
gives Syp < 0.

A.5 Doublet with Y = 7/6 mixing with singlet with Y =5/3
The two Yukawa couplings mixing a vector-like singlet X with hypercharge ¥ = 5/3 with
a vector-like doublet Q7 with Y = 7/6 are

L2 yxQrrH XL +yxrQrrH Xp + h.c. = Ax1QrurXL + AxrQrurLXr + h.c.. (A.23)

In the limit in which M; = Mx, we have

N (18X, + 203 L Axr + 1835, 2 + 2k + 130 )
480752, M2, M2, ’
N (12X%, + T9Ax2Ax R + 12055

- . A2
Snp 907 M2 (A.25)

Tnp (A.24)

Of course, dgp vanishes, since there is no coupling between the bottom and these states.
Being given by vector-like states, egs. (A.24) and (A.25) do not contain “large” log’s of
the form log M/);. Assuming equality of masses and Yukawa’s, the contribution to T in
eq. (A.24) is suppressed with respect to the other contributions previously determined.
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