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ferent limits, the models realize both (partially) composite-Higgs and (bosonic) technicolor
models and a dynamical extension of the fundamental Goldstone-Higgs model. Therefore,
they provide a general framework for exploring the phenomenology of composite dynamics.
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1 Introduction

Partially composite-Higgs (CH) models with underlying four-dimensional realizations in
terms of new fermions coupled to elementary scalar multiplets via Yukawa interactions [1]
were recently developed and studied in refs. [2-5]. These models feature dynamically in-
duced electroweak symmetry breaking (EWSB) and a partially composite pseudo-Goldstone
boson (pGB) Higgs. The elementary scalar multiplet provides masses for the SM fermions
via SM-like Yukawa interactions [6] avoiding the complications of fermion partial compos-
iteness [7] or extended-technicolor-type constructions [8-10]. The framework gives a unified
description for various classes of models from (partially) CH [1] to (bosonic) technicolor
(b)TC [11, 12].

However, such models may suffer from a low vacuum instability scale due to the en-
hancement of the top Yukawa coupling of the Higgs state as compared to the SM Higgs [13].



In this paper we, therefore, study the vacuum stability and perturbativity bounds on the
parameter space of minimal partially CH (pCH) models [2, 3, 5] and combine these self-
consistency conditions with current constraints from collider experiments. We show that
even the requirement of stability up to the compositeness scale provides relevant con-
straints regardless of the particular UV realization. We also consider model extensions
where a (small) part of the top-quark mass does not originate from the vacuum expecta-
tion value (vev) of the elementary scalar multiplet as a possibility to alleviate the vacuum-
stability bounds.

The two underlying concrete models we consider both consist of four Weyl fermions,
Ur,r, Dr R, transforming under a new SU(2)rc gauge group with the left-handed com-
ponents forming a doublet, (U, Dy,), under the weak gauge group SU(2)y,. This is the
minimal CH model with four-dimensional fermionic realisation [14], and the new fermion
sector features an enhanced SU(4) global symmetry acting on the four Weyl fermions. The
fermions are coupled to a multiplet of new elementary scalars via Yukawa interactions, and
the dynamical condensation of the strongly interacting (techni)fermions is transmitted to
the scalar multiplet via these Yukawa interactions. As a consequence, the fundamental
scalar multiplet acquires a vev. We begin by considering a SU(2),, doublet of scalars [2, 3]
and then study a full multiplet under the global SU(4) symmetry of the new fermion
sector [5].

While the SM fermions obtain their masses via the vev of the elementary scalar mul-
tiplet, the weak boson masses originate from both the vev and the condensate in the
composite sector. Consequently, the electroweak (EW) scale is given by

v2 = v% 4 fZsin? 6, (1.1)
where vy, = 246 GeV, we denote the vev of the neutral CP-even component of the elemen-
tary Higgs by v, f is the Goldstone-boson decay constant of the composite sector, and 6
(/2 < 6 < ) parameterises the vacuum misalignment.

2 Minimal partially composite Higgs models

We consider here the minimal four-dimensional strongly interacting fermionic sector allow-
ing for a composite Goldstone Higgs boson. This is based on the gauge group SU(2)rc
and contains four Weyl fermions transforming in the fundamental representation of the
gauge group. The new fermion sector in isolation features a global SU(4) symmetry, which
upon condensation breaks spontaneously to Sp(4) [15]. The left-handed fermions (Ur, Dy,)
transform as a doublet under SU(2)y, and the EW gauge group can be embedded into the
SU(4) global symmetry via the left and right generators

- 1({0;0 - 1{0 0
Ti =~ 7 Th = — . 2.1
L 2(00)’ R 2(0—#) (2.1)

The 17, generators may be identified with those of the SU(2)y, and TI% with the generator of
hypercharge [16-19]. The five Goldstone bosons (GBs) associated to the breaking SU(4) —



SU(2)Tc SU2)w  U(l)y

QL O O 0
UL, O 1 ~1/2
Dy, O 1 +1/2

Table 1. New fermion content.

Sp(4) then form an EW doublet and a singlet. We list the left-handed fermions and their
quantum numbers using the notation (7L = eUp, in table 1. The details of the construction
of the effective description can be found e.g. in refs. [2, 5].

There are different possibilities to align the stability group, Sp(4), with respect to the
EW gauge symmetry inside the SU(4). In particular, the EW group can be embedded
completely within the stability group leading to unbroken EW symmetry. There are two
inequivalent vacua, E, corresponding to this orientation. On the other hand, it is possible
that only the electromagnetic subgroup, U(1)q, is unbroken as in TC models [20, 21]. We
denote the corresponding vacuum by Ep. The different vacua can be represented as the

iy 0 01
+ (0 ii@)’ B (—10) (2:2)

In general, the vacuum is a superposition of an EW-preserving and the EW-breaking vacua,

matrices

and can be written as
E = cosO0F_ +sin0Eg. (2.3)

The misalignment angle, 6, is determined by the sources of explicit SU(4) breaking, and
the relation between the composite scale and the EW scale is then given in terms of 6
according to eq. (1.1).

We parameterise the composite Goldstone-boson degrees of freedom in the SU(4)/Sp(4)

coset by
24/21i
S = exp ( \f[lHaX“) E, (2.4)
where the broken generators, X%, with a = 1,...,5, correspond to the vacuum E. The

generators are explicitly given in ref. [17]. Furthermore, we introduce spurions, P,, ]Ba,
such that Tr[P,X] and Tr[P,X] transform as EW doublets with hypercharges +1/2 and
—1/2, respectively. These can be explicitly written as

2P = 6;10;3 — 0;3051, 2P = 0;20;3 — 0;30;2,

i & (2.5)
2P = 0;104 — 0401, 2P = ;204 — 0;4052 -
2.1 Model I: elementary scalar doublet

In addition to the composite pions, ¥, we introduce an (elementary) scalar multiplet. We
begin by considering an SU(2), doublet, H,, and we also introduce vector-like masses for



the new fermions [2, 3] via the matrix M:

1 oy, — i mie 0
H,=— h ], M= : 2.6
V2 (—(77,% +im}) > ( 0 —m26> (2:6)

With this field content, the underlying Lagrangian describing the new strong sector and
the elementary doublet can be written as

Locu = QiPQ + D, H'D'H —m} H'H — \g(H'H)?

~ ~ 2.7
+5QTMQ ~ g Ho(QTPaQ) — yp Ha(QTPa) + i 0
where Q = (U, Dy, ﬁL, Dy, ), H = e¢H *, and the antisymmetric contractions are kept
implicit. The global SU(4) symmetry of the composite sector is in this case broken explicitly
to SU(2)w x U(1)y by both the Yukawa and weak interactions, and the vector like masses
in M. The Yukawa couplings with the SM fermions, restricting to the third generation of
SM quarks, are

Ly = —yqL Htg — yoGi Hbg + hec., (2.8)

where g, = (t1,br,). This model was considered in refs. [2, 3] in the limit Ay = 0 but here
we keep Ap throughout, since it is relevant for the vacuum stability, and since we do not
assume necessarily any supersymmetric completion that would alter the running of A at
high energies.

Below the condensation scale, Apc ~ 47 f, eq. (2.7) yields the following lowest-order
effective potential

1 -
VO = dnf3Z, <2Tr [MXE] + yu Ho Tr [PoX] + yp Ho Tr[Po 3] + h.c.> 2.9)

+m3H H + Ay (H H)?,

where Z3 is a non-perturbative O(1) constant, and we use the numerical value Z, ~ 1.5
suggested by the lattice simulations® [22]. The EW gauge interactions contribute to the
effective potential at the one-loop level, but the contribution is subleading as compared
to the vector-like mass terms. It is, however, important for the model we describe in the
next section.

2.2 Model II: SU(4) completion of the scalar sector

A model retaining the global SU(4) symmetry on the new fermion sector in the presence of
the Yukawa interactions was proposed in ref. [5]. The elementary scalar doublet is extended
to a complete two-index antisymmetric SU(4) representation, ®, allowing for the Yukawa
interactions of the elementary scalars and the new fermions to remain SU(4) symmetric.
Furthermore, the vector-like masses, m1 2, of the new fermions above are then generated
via the dynamically induced vev of the EW-singlet component of the scalar multiplet, .

1Ref. [22] gives (QTQ)'/?/f = 4.19(26) for the condensate, which then yields an estimate (with a factor

. T Hy1/3\ 3
4 accounting for the trace): Zp = ;= (%) ~ 1.5.



The misalignment of the vacuum, 6 # 0, required to give a mass to the would-be pGB Higgs
boson may come solely from the SM sector and the scalar potential. In the following, we
briefly outline the model and the construction of the effective low-energy Lagrangian, but
we refer to ref. [5] for details.

The scalar multiplet, ®, can be conveniently parameterised in terms of the EW eigen-
states. To this end, we write H, = Tr[P,®] and H, = Tr[P,®] that transform as EW
doublets with hypercharges +1/2 and —1/2, respectively. The EW-singlet directions can
be projected out with the following spurions:

1{ —ioy 0 1{0 0
pS— = PS=z ) 2.10
1 2( 0 0)’ 2 2(0102) (2.10)

=Y PyHy+ PoHo+ PPS+ PJS*, (2.11)
a=1,2

Thus, we arrive at

where H is given in eq. (2.6), and S = %(SR +1S57) parameterises the EW-singlet scalars.
The relevant Lagrangian, restricting to third generation of SM quarks, is then

Locn, =QiPQ + Tr[D, @' DFD] — m3 Tr[@T®] — Ao Tr[®! D)2

T ~ (2.12)
—yYQQ ®Q — yqLHtr — ypqLHOR + h.c.
Below the condensation scale, we have the lowest-order effective potential
V% =4n f3 75 (yoTr [®%] + h.c.) + m3Tr[®TD] + \g Tr[DT )2, (2.13)

At this level, the global symmetry is broken only spontaneously by the condensation in the
strong sector. Therefore, in order to misalign the vacuum with respect to EW symmetry
and to give a mass to one of the GB’s to be identified with the Higgs, we need to consider
sources that break the global symmetry explicitly. To this end, we include the leading EW
contribution in the effective potential [23, 24]

3
Vaange = — Cy |62 f* D Tr (TES(TER)*) + o> f4Tr (TRS(TRE)) | (2.14)

i=1

where Cy is a positive O(1) loop factor. Differently from ref. [18], the top quark interactions
are subleading in the vacuum determination, since the top quark only couples to the weakly
interacting fundamental sector. We add another source of explicit breaking of the global
symmetry by splitting of the masses of the EW-doublet and singlet components of the
scalar multiplet, ®:

Vimz =20m? Te[PS®|Tr[ P @] = %5m2(5§ + S3). (2.15)

As shown in ref. [5], these two sources are enough to achieve a non-trivial vacuum alignment,
and therefore we need not introduce further explicit breaking sources directly on the new
fermion sector.



3 Model I: RG analysis and phenomenological constraints

3.1 Vacuum, spectrum, and gy

The effective potential of eq. (2.9) as a function of o}, and € reads

Yyup 1 AH
‘/eﬁ" :87Tf322 <m1269 — \/ia'h39> + 57’71%10';21 + TO’%, (31)

where mis = m1 + me and yyp = yy + yp. We use the short-hand notations s, = sinz,
¢, = cosz, and t, = tanz. Further, we define the parameter m?\ = qu + Agv?, the form
factor Fy = 4nZ5 and trade v for the angle g8 via

t/g = /. (3.2)

The vacuum conditions then read

V.
0= = V2ERyupfiss +miv,
Oon |y, (3.3)
OVest 3 < Yup '
0= =—2Fyf° [ mi2sy + —=wvcg | .
a0 |, _, V2
These yield the parameter constraint equations
242
= —, m = — . 34
YubD V3f2F, 12 2 f (3.4)

For tg 2 1, the first equation limits the mass parameter to m% < 4nf? aslong as yyp S 1.
If the latter limit on yyp is not satisfied, then these large Yukawa couplings will drive the
scalar quartic negative at very low scales. Indeed we find that yyp < 1 for all the viable
parameter space that we consider, and this condition is thus automatically satisfied.

The model features seven parameters relevant to our study,? yup, mi2, A, S, tg, f,
m%{, and four constraint equations including the two vacuum conditions in eq. (3.3), the
EW scale eq. (1.1), and the Higgs mass, whose expression is shown below in eq. (3.9). We
take sg,t5 and m%{ as free parameters.

The Yukawa coupling between the top quark and the elementary doublet is enhanced
with respect to the SM value by

ye =y /sp. (3.5)
For a given value of the quartic coupling, Ay, in eq. (2.7), this implies a lower limit on g
in order to avoid vacuum instability above the EWSB scale and below the Planck scale.
We discuss this issue in detail in section 3.2.

The charged pion and neutral CP-even scalar mass matrices, in the bases (777{, I1t),
(on, IT*), resp., can be written as

1t 146 —cpt
M2=m2 [ ) mg=md [0 T (3.6)
tg tﬁ —cotp tﬂ

2Only the combinations mi2 and yuyp enter into the vacuum equations and the effect of yu,yp on the
running of the couplings is negligible in the parameter space considered.



where § = 2)‘”@—32. The mass of the heavy neutral pion, 7°, coincides with the mass of the
A

charged ones.
The CP-even mass eigenstates are given in terms of the interaction eigenstates by

hi = caop — $alI*,  ho = Sqop, + coII?, (3.7)
with of
5o
tog = — 22 3.8
U140 (3:8)

The corresponding masses of the neutral and charged eigenstates are
2
m
milg :7>‘ [1 + t% +6+ (209t552a + (1 — t% + 5)62a)] ,
mfri,o :mi/c%, m2H5 = t%mi

Using eq. (3.8) and expanding in s and tEQ, we then find

my, ~mj (sg +(1- t;2)5> , mp, ~mj (1+ t%) . miio=m3 (1+ t%) . (3.10)

We now identify the lightest of the neutral CP-even eigenstates with the 125-GeV
Higgs boson. In most of parameter space this is the hy state, but for 1+4§ > t%, it is instead
he as seen from eq. (3.6). We denote the heavier CP-even eigenstate by H.

We show the mass of H for fixed m?,/f? = 0,1 in the (sg,tg) plane in the left panel
of figure 1. The simple scaling of the heavy masses with tg, roughly independent of sg, is
apparent in the m?% /f? = 0 case (blue lines). Instead the dependence on sy in the case
m?%/f? =1 (red dotted lines) follows from the vev condition eq. (1.1) implying the scaling
m?\ ~ m%{ ~ v%wse_QtEQ which cancels the t% factor in the heavy mass formulas. The mass
of the heavy pion triplet nearly coincides with the mass of the heavier CP-even state for
the parameters we consider, and we have omitted that for clarity in the plot.

Using the experimental value of the Higgs mass and fixing the mass parameter to
m2%, = 0 (m% = f?), we show on the left panel of figure 2 with blue (yellow) contours
the value of Ay in (sg,t3) plane. The figure demonstrates that the value of Ay may only
be increased slightly beyond its value in the SM Agy ~ 0.129 unless tg is very small.
Since for large tg, the light Higgs mass is a sum of two manifestly positive contributions,
cf. eq. (3.10), the scalar quartic coupling is bounded for a given value of tg to Ay S Asm/ s%,
and the bound is only reached in the limit m%[ — 0,589 — 0. Furthermore, for tg3 — oo,
this bound reduces to the SM value. On the right panel of figure 2, we show the contour
lines in the (t3, Ar) plane for different values of Arc = 47 f in TeV having fixed the Higgs
mass, and the mass of the heavier eigenstate to 1 TeV for concreteness. In the lower shaded
region, Ay < 0 and this is excluded due to vacuum instability. The boundary of the upper
blue shaded region shows the maximum allowed value of Ay for which the correct Higgs
mass can still be achieved as a function of t3. The Arc — oo contours lie very close to
the Arc = 50TeV contour. This boundary is almost independent of the fixed value of the
heavy eigenstate mass, and the blue shaded region is thus inaccessible.

The accessible values of Ay shown in figure 2, together with the enhanced top Yukawa
in eq. (3.5), make it clear that it is important to consider the vacuum stability constraints
on the model.
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Figure 1. Left panel: model I spectrum. The blue (red) solid contours show the mass of the
heavier CP-even state, H, in GeV for fixed m% /f? = 0 (m%/f* = 1). The dashed curves show the
mass of the pseudoscalar II5 for the same scenarios. Right panel: model II spectrum. The solid
(dashed) blue lines show the mass contours (500 GeV, 1000 GeV, 2000 GeV) of mp, (mp,). The
mass of the heavy pion triplet follows closely the contours of my, , and we have omitted those for
clarity. The dot-dashed red lines show the same mass contours for the non-pGB mass eigenstate of
the two mixing pseudoscalar states, II5 and S;. We have fixed sy = 0.1.
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Figure 2. Left panel: values of A\y. Blue (yellow) contours represent the case m%/f* =0
(m2/f?=1). Right panel: the contours show the value of Arc = 47 f in TeV corresponding
to a 1 TeV heavy Higgs mass. The region Ay < 0 is excluded by the requirement of stability of the
potential. For Apc — oo the curves lie on top of the Apc = 50TeV contour so the shaded area
results in no viable solutions. More details in the text.
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Figure 3. The blue (red) regions illustrate the vacuum instability (non-perturbativity) scale.
The dashed lines show the values of Arc = 4rf in GeV. Left panel: m2% = 0. On the
boundaries of the regions, the vacuum is stable (couplings pertubative) up to A = Mp =
1.22 - 10 GeV, 10'° GeV, 10® GeV. Right panel: m?%;/f?> = 1. On the boundaries of the re-
gions, the vacuum is stable up to A = 107 GeV, 10° GeV, 10° GeV.

3.2 RG analysis and vacuum stability

The running of A\g is driven dominantly by the top loop, as in the SM. However, compared
to the SM, the top Yukawa coupling of the elementary interaction eigenstate, o, is en-
hanced by y; = ytSM /sg. Therefore A will run negative faster than in the SM for the same
weak scale initial value, and the vacuum of the model will, thus, not be stable in all of pa-
rameter space. The problem is similar to that in bTC [13] and in type-I two-Higgs-doublet
models (2HDM).

In appendix A, we tabulate the one-loop beta functions for the bTC/pCH framework
with Ng new SU(2)r-doublet fermionic fields, Q1, = (U, Dy,), transforming under the
representation R of the new strong gauge group. These fields will couple to the elementary
Higgs doublet, H, through Yukawa-like interactions with couplings yy and yp.

In the numerical analysis we assume that the top quark Yukawa and the EW gauge
couplings run as in the SM below the condensation scale Apc, and we neglect the threshold
effects on the quartic coupling running. We fix the initial values of the SM gauge couplings
at pz = myz, and the value of the SM top Yukawa from y™(my) as in [25]. Furthermore,
at the condensation scale, Apc, we fix the TC gauge coupling to the estimate of the critical
value [26], ac = Colrmy» Where £ ~ O(1), and we assume identical Yukawa couplings of
the U, D technifermions yy(Arc) = yp(Apc) = y%. However, we note that since yyp < 1
throughout parameter space consistent with the vacuum and Higgs mass conditions, the
contribution of the new fermions to the running of the quartic coupling is negligible.

In figure 3, we show the vacuum instability and perturbativity scales, Agtab, Apert, resp.,
defined through A g (Astab) = 0, Agr(Apert) = 47, in the sg, tg plane for two different values
of m%{ /f? =0 and m%{ /f? = 1. Small values m%, /f? < 1 correspond to large values of
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Figure 4. The blue band shows the maximum allowed value of \/m?% as a function of sy if stability
at least up to the compositeness scale, Arc = 4nf, is required and tg is varied within the range
1...10. The dashed (dot-dashed) line shows f as a function of sy for constant value of tg = 1
(tﬁ = 10).

A as is evident from the vacuum equations and yield a larger vacuum instability scale.
As seen in the left panel of figure 3, there is a narrow window in parameter space with
vacuum stability and perturbativity up to the Planck scale for relatively small ¢g. For
even smaller values of tg, the quartic becomes non-perturbative, whereas for larger values
of g the initial value of Ay decreases, while the top coupling is still enhanced leading to
vacuum instability at lower scales. Increasing m%l /f? lowers the viable values of Ag, and
this window is lost as seen in the right panel of figure 3.

The same increase in scale happens when sy is reduced with m%[ and tg fixed. This
corresponds to decreasing of v/ f and thus from the vacuum conditions and the Higgs mass
condition increasing Ap.

Overall, demanding a stable vacuum to high scales requires tuning m%, /f? small. This
implies at least a modest hierarchy between the scalar mass parameter and the composite-
ness scale. On the other hand, increasing the (absolute value of the) scalar mass parameter,
m%l, with respect to the SM value requires tuning sy < 1 small. This must arise from bal-
ancing two sources of unrelated physics. In figure 4, we show the maximum allowed values
of m%{ as a function of sy demanding vacuum stability at least up to the compositeness
scale, Arc = 4nf. This constrains the maximum possible m%{ regardless of the UV com-
pletion above the compositeness scale. We emphasize that while tuning sy < 1 allows
for larger values of m?%, it does not increase the maximum possible value of m?%/f?. For

2
example for sy = 0.1, and tg = 1 (t3 = 10) we find max (%) ~ 0.3 (14.5), whereas for
sg = 1073, the corresponding value is 0.1 (5.7).
3.3 Additional source for the top-quark mass

As seen in the previous RG analysis, in the simplest partially composite scenarios, the top-
Yukawa coupling is enhanced with respect to the SM driving the running quartic coupling

~10 -



to negative values before the Planck scale in most of parameter space. As seen in figure 3,
there is a small region where the weak scale value of the quartic itself is sufficiently enhanced
with respect to the SM Higgs value, to counter balance the enhanced top Yukawa. A way to
reduce the constraints from vacuum stability is to assume the top quark mass is not entirely
due to the elementary scalar vev, but acquires a contribution from some still unspecified
dynamics. This implies a reduction of the top Yukawa coupling of o, in eq. (3.5).

To this end, we start by adding a four-fermion operator between the top and the
techniquarks

YiYu , _

Lit ~ — —o (@tr) Q" Pa@) + hoc. (3.11)
t

We discuss the possible sources of the above four-fermion operator in the end of the section.

Upon the condensation of the techniquarks, this yields a contribution to the top mass,

i.e.

VY, _ i}
Ly ~ —Am 37, j\zUTr[Plz]tt = —ylfsg bt +..., (3.12)
t
where s
4 YYUZQ
t

Furthermore, this gives a contribution to the effective potential via the top loop
Viop = —Ceyi 2 fH e [P Y] = —Chy 2 fAs3 + . .. (3.14)
Ignoring the subdominant EW-gauge contributions, the effective potential becomes
Vet top = Vest + Viop (3.15)

where Vg is given in eq. (2.9). Defining & as the fraction of the top mass originated from
this new contribution,

yifse = &, (3.16)

the vacuum condition in 6 is changed to

OV

_ a‘/ei”f,top _
00

2 2Cr&gmy
00 '

ty

0

(3.17)

vac vac

The neutral mass matrix becomes

146 —colp
e _ 3.18
hytop = "X ( —cgtlg t% + QCtngQm%/mi ( )

The effect of the additional contribution to the top mass has only a tiny effect on
the vacuum alignment and the scalar mass eigenvalues in most of the parameter space.
Therefore, for subdominant contribution to the top mass, the main effect is just a small
reduction of the top-Yukawa coupling, with eq. (3.5) modified into

ye =y (1= &)/sp. (3.19)

- 11 -
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Figure 5. Corresponding plots to figure 3 with £, = m;/my. On the unshaded area A > Mp. The
dashed lines show the values of 47 f in GeV.

However, in the simplest UV-completion scenarios of the four-fermion operator, the effective
treatment is valid only if the contribution to the top mass is very small.

A simple possibility to generate the four-fermion operator in eq. (3.11) is to add an
additional heavy scalar doublet that couples to the top quark and to the new fermions and
can be integrated out above the compositeness scale Apc ~ 4xwf [11]. Another possibility
would be devising extended-technicolor (ETC) interactions [8, 9]. As opposed to ordinary
TC models, ETC would only have to give a small contribution to the top mass. This would
allow a higher ETC scale and thus alleviate the constraints from flavour-changing neutral
currents. It would also potentially simplify the ETC construction, having only to involve
the third generation as in e.g. ref. [27]. A small reduction (at the per cent level), such
as provided by a new isospin-symmetric sector giving equal mass contributions to both
top and bottom and providing all of the bottom mass already soften the rapid decrease
of the quartic coupling via the RG, thus enlarging the allowed range of parameter space
constrained by vacuum instability. The stability plots for the value § = my/m; ~ 0.025
are shown in figure 5. The figures thus correspond to those in figure 3, except that part of
the top mass now originates from the four-fermion operator above. The situation is in fact
similar to the SM case where the uncertainty in the top mass could, in fact, bring the SM
from meta-stable to stable.

3.4 Phenomenology

In this section we study constraints on the model arising from the modified Higgs couplings,
from searches for new heavy scalars, and the new contributions to B-meson mixing.
3.4.1 Higgs couplings

To study the couplings of the 125-GeV Higgs state, we first define the r; and ky;; coeffi-
cients, parameterising the couplings of the mass eigenstate h;, i = 1,2 to SM fermions, f,
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and vector bosons, V', relative to the SM Higgs boson couplings

_ 9niff _ 9nvv .
/if’i = SM s K:V,i = gSM , 1= 1, 2 (320)
hff hVV

The h; coefficients and their sg, tgz < 1 expansions to second order are given by

_ 1 2,-2
Ky,1 = CaS8 — SaCgCy — 1 — 239255

1 (3.21)
K1 = ca/sﬁ — 1+ 5831552 — tg46.
The ho coeflicients and their expansions to first order are given by
Kv,2 = SaSg + CaCpCop — (5t§37
(3.22)

Kf2 = Sa/S3 — t;l + 5t§3 - %tglsg.
The exact expressions above coincide with those derived in ref. [2] and with those in a type
I 2HDM except for the appearance of cy.

Since the 125-GeV Higgs state is identified with A instead of h; in the small part of
parameter space with 146 > t% as discussed below eq. (3.10), we use k5 and sy to denote
the coupling coefficients of the 125-GeV Higgs state in all of parameter space. We show the
values of these coefficients in the left panel of figure 6 for m3, = 0 (§ = 2) together with the
region disfavoured at the 20 level by LHC measurements of the Higgs couplings from [28].
In the parameter space shown, the deviation of £y from unity is nearly independent of sy as
follows from egs. (3.21) and (3.22) when § is sufficiently large. In the very small t5 region,
the expansions are no longer applicable.

The figure demonstrates how most of the considered parameter space is still viable, but
interestingly the classically scale-invariant region in figure 3 with vacuum stability up to the
Planck scale is just above what is currently probed by LHC Higgs coupling measurements.
For larger values of m?; (smaller §) the deviations from the SM value are even smaller.

In the case where we allow for a small part, &, of the top mass coming from a new
sector encoded in the four-fermion interaction in eq. (3.11), the coupling of the top quark
to Higgs is only slightly further modified:

SaCh

Co
s +(1- ft)£ . (3.23)

Rt = —ft

A motivated possibility would be a new isospin-symmetric sector providing equal mass
contributions to the third generation and providing all of the bottom mass. In this case
& = myp/my, and this would result in a significant modification in the couplings of the
partially composite Higgs to bottom quarks:

P (3.24)
cp

Interestingly, the measured value of this coupling by ATLAS and CMS combined is |kp| =
0.57 £ 0.16 [28] and indicates a reduction of approximately 2.70 with respect to the SM
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Figure 6. Left panel: the blue (red) curves show |k;| (|xy|) for m% = 0 case. The shaded region
shows the 20 exclusion from the two-parameter ks, ky fit [28]. Right panel: region in which & is
within 20 of the measured value |kp| = 0.57 £ 0.16, improved w.r.t. the SM prediction.

prediction according to the estimate which allows beyond-the-SM contribution in the loops.
In the right panel of figure 6, we show the favoured region in which |kp| is within the
20 region of the measured value, for m%{ = f?, and m%l = 0. This reduction favours
large values of sy, which implies a tension with the requirement of vacuum stability up to
high scales.

3.4.2 Scalar production

First, we study the production of the heavier CP-even eigenstate, which we denote by
H as above, at the LHC. Although the top coupling dominates the branching ratios
parametrically, we find that the vector decay modes yield the strongest constraint. We
show the limits in figure 7 and find again that most of the parameter space of the model
is viable. However, the LHC search for ‘H production in the ZZ channel is in fact able to
rule out the region stable up to the Planck scale for m%{ =0.

The excluded cross sections at 95% CL shown in the figure correspond to analyses
using collisions at 13 TeV in the center-of-mass energy to search for heavy resonances
in WW/WZ production in the decay channel fvqq [29] (blue), ZZ production in the
decay channels (10~ ¢T¢~ and ¢T¢"vw [30] (orange), ZZ and ZW production in the decay
channels ¢lqq and vrqq [31] (red) and Higgs boson pairs decaying into bbr7 [32] (green).
The decays of the light Higgs have been approximated by the SM prediction. The limits
are shown in dashed lines.

An interesting point to note is that the ¢f decay channel dominates above threshold,
cf. eq. (3.22). Resonant top-pair production is, however difficult to compute precisely
due to large interference effects and QCD corrections [33-35]. The potential of the LHC
experiments to observe this signal will rely on the ability to measure not only peak, but
also other lineshape structures, such as peak-dip and pure dips. This search is also one of

— 14 —



100¢
o)
S
— 107"k
§ ————— WW/WZ (lvaq)
o] N N N e s PR ZZ/WZ (llgq)
E\E/ ----- 77 (41,lw)
% 103t hh (bb1T)
e}

1074

107%¢

200 400 600 800 1000

my [GeV]

Figure 7. o x Br(# — X X) for the benchmark scenario with fixed sy = 0.1 and m% = 0. The
arrow shows the growing ¢, and the points 1, 2, and 3 represent tg = 1,1.7,3.6, resp. The LHC
limits are shown in dashed lines.

the most important programs of the LHC, since the top quark may well be related to new
physics and has the least constrained interactions.

In the model an extra complication, which could in fact strengthen the signal, is the
presence of near degenerate resonances: the three states, H, 7 and II; have differences in
mass of the order of few GeV, as can be seen in the left panel of figure 1, and thus the peak
of the top pair production cross-section is expected to be enhanced — although we note that
the IT5 decays into top quarks only via higher-scale physics [36]. Top quark pair production
in the CP-conserving Type-II 2HDM with degenerate masses my = m4 and including
interference effect has been considered by the ATLAS collaboration at /s = 8 TeV [37].
In the limit of small sy, the model here is well approximated by this case. The exclusion
limit at 95% CL with mpy = m4 = 500 GeV is t3 = 1.5, and the exclusion limit decreases
to approximately tg = 0.9 for mpy = m4 = 600 GeV. At these mass values, the ¢3 values in
the pCH models considered here are still significantly higher (cf. figure 1), but we expect
improved results from Run II. For heavier masses, the analysis in ref. [37] is not optimal,
and the boosted regime must be considered. In ref. [38] the LHC reach was studied for
this kind of model through a reinterpretation of the top pair differential cross section
measurement in both the boosted and resolved regimes. Although the near degenerate
case was not considered, it seems to indicate that a very low systematic uncertainty must
be achieved.

3.4.3 B — BO mixing

Models with two Higgs doublets, including bTC models [11, 13], are in general constrained
by measurements of BY — BY mixing. Following [39], we calculate the contribution from
the heavy pions to BY — BY mixing taking into account the next-to-leading order (NLO)

~15 —



3.0F ‘
!

25F
1

1
1
I
1
1
]
1
1
1
]
1
I
1
1
1
\
1
1

500

\
\

400

0 100 200 300
my [GeV]

Figure 8. Excluded region by B — B0 mixing. The dashed curve shows the value of m, calculated

for the benchmark scenario with m%{ =0.

QCD corrections. The mass splitting can be written as
(3.25)

2
Amp = —=miy |ViaVis|*S(aw, o= )n(xw, ©-) B f5mas,

where zyw . = m?/ m%,vm. The lengthy expressions for the functions S and 7 can be found
in ref. [39] and we use the current QCD lattice estimate of the decay constant fpy/Bp =

216410 MeV [40]. Using the experimental result Amp = (3.332140.0013)-10713 GeV [41],

we show the 20 exclusion region in the (my,tg) plane, along with the result for the pion
mass for m%{ = 0 in figure 8. The figure shows that the region with low tg < 1.5 is in

tension with also the BY — B0 results.
4 Model II: RG analysis and phenomenological constraints

We now consider the analysis of our Model II where the SU(2) doublet of elementary scalars
is extended to a full SU(4) multiplet ®. We refer to section 2.2 for a short review of the

model and the effective potential.

4.1 Vacuum and spectrum
Following ref. [5], we proceed to minimize the effective potential given in egs. (2.13)— (2.15).

This yields equations of constraint for the SU(4) invariant Yukawa coupling, yq, the vev
of the singlet scalar, vg, and the SU(4)-breaking mass parameter, §m?:
: GBI GAPG
v2m3 — CyZ3 453

myv
vg = 5
toumy

vo = 821 Zsf3sp
where v = (04), vs = (Sr), M3 = m3 + Ao (v2 +v2), and Cy = Cy(3¢% + ¢'2).
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The three CP-even neutral states oy, II4, Sg mix, but with the dm? perturbation in
the scalar potential, we do not have simple analytical formulas for the mass mixings. We
therefore solve numerically the rotation matrix, R, defined by

hl Op
h3 SR

The lightest mass eigenstate, h1, is identified with the observed Higgs boson with mass
myp, = 125GeV. The masses of the physical heavy pion triplet, 759 orthogonal to those
eaten by the W and Z bosons are given by

(m0y2 = 821 Z20hug.

™

t/jsg (4.3)
There are two additional CP-odd states in the spectrum: the mass eigenstates composed
of II5 and St. The spectrum for fixed sy = 0.1 is shown in figure 1.

As shown in [5], it is also in this model possible to achieve the EWSB driven purely by
the strong dynamics with mé > 0,6m? > 0. In particular, in the viable parameter space
able to produce the correct Higgs mass, the quartic coupling is generically enhanced with
respect to the SM value. Furthermore, §m? ~ m% ~ f2, and thus for sy < 0.1 the scalar
mass parameters reach above 1TeV.

4.2 RG analysis

The values of the new Yukawa couplings, yg, for successful vacuum solutions are very
small, yg < 1 throughout the parameter space that we consider. We therefore neglect
their contributions to the one-loop S-functions of the model given in appendix B.

The vacuum stability is improved with respect to Model T due to the enhanced quartic
coupling, Ag, in most of the parameter space. However, the extended scalar sector now
plays an important role because the SM-singlet elementary scalars, Sir, do not couple to
SM fermions, and due to yg < 1 only very feebly to the techniquarks. Their quartic self-
couplings may therefore develop Landau poles, and in fact the bounds on parameter space
from perturbativity of these couplings are more relevant than that coming from requiring
vacuum stability. We calculate the scale, A, at which at least one of the couplings exceeds
47, and plot the contours of A = Mp;, 10° GeV, 102 GeV as dashed vertical lines in
figure 9 along with the mass parameters mé and ém?. Below the cyan line on the left
panel of figure 9, m?b > 0, while §m? > 0 throughout, and the EWSB is completely
induced by the composite sector. On the shaded gray region, the correct Higgs mass
cannot be achieved. See ref. [5] for details.

One possibility to tame the running of the quartic couplings of the EW-singlet scalars
Str is to couple these to right-handed neutrinos vp with < O(1) Yukawa couplings. This
will drive the singlet quartics down, and result in higher perturbativity scale, as shown in
ref. [42] in a generic framework with one singlet scalar and singlet fermion. Interestingly, in
this case one family of leptons er, vy, €f, vr may be embedded into a full SU(4) multiplet

17 -



[GeV]

1400
1200
1000
800
600
400
200

Figure 9. The values of mass parameters /|m3| (vVdm?) are shown in left (right) panel when the

Higgs mass is imposed for fixed sg = 0.1. Below the cyan line m% > 0, while dm? > 0 throughout.
On the gray region on the left, no solution to the Higgs-mass constraint is found. See ref. [5] for
details. The dashed vertical lines show the parameter values where the maximum scale up to which
the perturbativity of the coupligns can be attained is 10'2 GeV, 10'° GeV or Mp).

under the global symmetry analogously to the technifermions, as done in e.g. ref. [43]. The
vev in the singlet direction would in this case give dynamical Majorana masses for the
vgr’s, while the vev in the doublet direction would yield a Dirac mass term. We leave the
specifics of this construction for future work.

4.3 Phenomenology

The constraints from B° — B0 mixing are not relevant in the parameter space considered
in figure 9 because the scalar masses are now heavy in the range where ¢z is small and vice
versa. The functions S and 7 in eq. (3.25) are therefore always small. The k-coefficients
for this model, defined as in eq. (3.20) but now with i = 1,2, 3, can be written in terms of
the rotation matrix defined in eq. (4.2) as
R .
Kfi = " , kv = RilSﬁ + RiQCﬁCQ, 1 =1,2,3. (4.4)

We refer to ref. [5] for an explicit illustration of the & s 1-coefficient for fixed value of sp = 0.1.
We conclude that for the most of the parameter space, the model is within the 20 region
of two-parameter fit of k1, k1,1 on the combined CMS+ATLAS Run 1 data [28].

We present the collider limits relevant to the next to lightest neutral CP-even scalar,
ha, in figure 10. The constraint from searches for heavy neutral scalars in the ZZ channel
is reduced as compared to the SU(2)-doublet-scalar case due to the additional mixing with
the singlet Sr. At face value, disregarding the fluctuations at small masses, the limit is
about 225 GeV. In particular we note that the top coupling is significantly suppressed as
compare to the Model I, and even at large mass the ¢t production is subdominant.
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On the other hand, the ¥ and h3 states decay almost exclusively to tf for sy < 0.1
as can be seen in the branching ratio to tf shown in figure 11(c) (off-shell decays were
neglected in the figure). At larger values of sy, the masses can get lower than the ¢t
threshold, m o < 2m;, and other decay channels become important, cf. figure 11(a). In
the case of hg, the opening of other channels is more severe since it couples at tree level to
weak bosons and to di-Higgs. For the ¥ state, the Zh channel becomes dominant.

In the case where the top decay channel prevails, we can have a situation in which
the LHC might be able to observe these states. To see this, we first note that these states
are nearly degenerate in mass (see figure 1) and therefore they would be seen as a single
summed peak at the LHC detectors. To access the magnitude of the peaks, we further
note that the coupling of both states to top quarks are very similar, and thus also their
total widths (in the case of top dominated) as can be seen in figure 11(b) (the variation
with Ay is very small). Therefore, the production of both resonances can be effectively
parametrized by the sum of the couplings. The magnitude of this sum could be within the
expected reach of LHC, even for heavy masses, if the systematic uncertainty in ¢t can be
mildly improved [38].

5 Conclusions

In this paper, we have studied the phenomenology of partially composite Higgs models
based on the coset SU(4)/Sp(4). In particular, we have considered the constraints on their
parameter space from vacuum stability and perturbativity of the scalar self-couplings,
together with constraints coming from Higgs coupling measurements, BY — B mixing and
LHC searches for new heavy scalars.

We considered two realisations of the elementary scalar sector: a minimal one with
a single EW doublet coupled to the new fermions, and one with an SU(4) multiplet of
scalars. In both models the new fermions feature vector-like current masses needed for the
proper vacuum alignment; in the latter model they are dynamically generated by a vev of
a EW-singlet component of the SU(4) scalar multiplet.

We have shown that in the minimal model there exists a region of allowed parameter
values such that the vacuum remains stable and couplings perturbative up to the Planck
scale. The EWSB is induced dynamically via the condensation in the strongly-interacting
new fermion sector. However, it is only possible to push the value of the mass parame-
ter of the elementary scalar towards the compositeness scale A = 47 f, and not beyond,
at the expense of a lower vacuum stability scale. If we require stability of the vacuum
up to the compositeness scale we find a bound on the mass parameter which is roughly
m% < (0.1 s(;l TeV)2. Conversely, the parameter region with vacuum stability up to the
Planck scale lies near the classically scale-invariant region. However, we also show that
LHC searches for new heavy CP-even scalars exclude this narrow stable window, while the
constraints from a global fit to LHC Higgs coupling measurements and B° — B0 mixing
measurements are just beginning to probe this part of parameter space.

In summary, in most of the parameter space of the minimal model, the vacuum be-
comes unstable before the Planck scale due to the enhanced top-Yukawa coupling of the
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elementary scalar as compared to the SM Higgs. This issue can be alleviated, if the top
quark acquires a small part of its mass, e.g. of the order of the b-quark mass, from some
other source than the elementary scalar. One such source could be ETC-type four-fermion
operators. However, large modifications in the bottom-Higgs coupling would then lead to
tension with the measurements in the stability region.

The second model with a full SU(4) multiplet of scalars allows for dynamical generation
of the vector-like masses of the new fermions, and the required explicit breaking of the
SU(4) symmetry can be in the scalar potential as opposed to the Yukawa couplings in the
minimal model. The quartic scalar couplings are in general enhanced compared to the
SM removing the vacuum stability issue. However, due to the non-minimal scalar content,
the singlet-scalar couplings instead develop Landau poles before the Planck scale in part
of the parameter space. Again this limits the scalar mass parameters to the TeV region.
One possibility to alleviate this problem is coupling the EW-singlet scalars to right-handed
neutrinos. This model is also less constrained by current LHC searches and B®— B9 mixing,
but the top decay channel might provide an interesting possibility to observe the heavier
scalar states of the model at the LHC in the future.
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A RG equations: elementary doublet

We consider a rather generic bTC framework featuring Ny new SU(2)1,-doublet fermionic
fields, Qi = (Ur, Dy), transforming under the representation Rp under the new strong
gauge group, and coupling to the elementary Higgs doublet via Yukawa interactions. The
one-loop evolution of the relevant couplings above the condensation scale, Arc, is given by

16728y, = — Tg2,
) 11 8 5
167°Bgre = — *02(14) 3 NrT(Rr) ) 97¢
19 2
16728, = — ( 2 Nrd(Re)T <RF>) g,

41
167 By, = <

fNFd (Rr) (4Y(QL)2 + ;)) 9y

2 72 92

9
16728,, = ( 92 — 1L e oyt d(Rr)(yg + y%)) Yi,

9., 17 3
16728, = Co(Rr)gtc — ~9f — =9y + 3y; + (d(RF) - 2) vt + d(RF)y%> Yo,

4 127
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9 5 3
9t — —=9v +3y; + (d(RF) + 2> yh + d(RF)y?J> YD,

16728y, = <—6C2(RF)9’2FC 1 D

16728y = 24X% + X (=3 (397 + gy ) + 12y7 + 4d(Rr) (v +yD))

3 2
+3 (2gﬁ + (92 + 9v) )) — 6y;' — 2d(Rp)(yt + yb), (A.1)

where

~ dlogp’

By

T(Ry) and d(Rp) are the index and dimension of the representation Rp, and Ca(A) is the
quadratic Casimir of the adjoint representation.

(A.2)

B RG equations: SU(4) multiplet of elementary scalars

Here we write down the RG equations for specific bTC framework based on SU(4)/Sp(4)
coset described in the main text. The new SU(2)y-doublet fermionic fields, Q1, = (Uy, Dy),
transform in the fundamental representation of the new strong gauge group, and couple
to the multiplet of elementary scalars transforming in the two-index antisymmetric repre-
sentation of SU(4) via Yukawa interactions. From the RG point of view, the scalar sector
corresponds to an EW doublet and two singlets, and the SU(4) invariance of the potential
can be achieved only for one renormalisation scale pg. The quartic scalar potential can be
written as

)\SR )\SRSI

4

Asg

VW = \g(H H)?+ T

Sh+

St s, (H H)S%+Ngs, (HTH)S?+ 5252 (B.1)

with SU(4)-symmetric boundary values Ag(po) = Asi(po) = As, (o) = Amsy(po) =
Ars; (H0) = Asgs; (ko) = Aa-

The one-loop evolution of the relevant couplings above the condensation scale, Apc, is
given by (we ignore the new Yukawa couplings, since for the viable parameter points able
to give the correct Higgs mass, yg < 0.1 throughout the parameter space we consider, and
are thus their contribution to the S-functions is completely subdominant)

5 15
167T2/BQTC = - 69’31“0’ 167T2BQL = _591317 1671'2/393/ = ?g%’
9 17 9
16728, = (—893 - igﬁ - ﬁg% - 21/?) Yt

16m%8y,, = 240y +2(\ys,, + Ars,) + A (=3 (397 + 63) + 1202)
- g (qu + (g7 + 912/)2)> — 6y,
167 Brys,, = 8Mrsy + 6 (2Am + Asp) Arsy + 2Am8, Asps;
+ Arsy (—z (39t +9v) + 6yt2> :
167r2ﬁAHSI = 8\is, + 6 (2Am + As,) Ams; + 2AmspAsps,

3
+ AHs; (—2 (Sg% + g%) + 6y?> ,
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167°Bxg,, = 18X%, + 8As, + 208y,
16m°Bg, = 18A3, + 8\, + 27,5,
167°Bg,s, = 8NS5, + 6Asps; (Asy + As;) + 8y Amrs, - (B.2)
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