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We suggest that the Higgs boson is a light composite state that does not emerge from TeV scale strong
dynamics for any generic reason, such as when it is pseudo-Goldstone boson. Instead, a state that is Higgs-
like and fairly decoupled from heavier states may simply be a reflection of very particular strong dynamics,
with properties quite distinct from more familiar large-N. type gauge dynamics. We elaborate on this
picture in the context of a strongly interacting fourth family and an effective 4-Higgs-doublet model. The
origin of a decoupling limit and the corrections to it are discussed.
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The discovery of the 126 GeV mass Higgs would appear
to resolve the question of the origin of electroweak
symmetry breaking, especially given the simplicity of
the standard model (SM) description and the lack of any
evidence of additional physics. But nagging issues of
naturalness and the long list of parameters of the standard
model suggest that we have not yet reached the end of the
story. If the Higgs description emerges as only an effective
low energy description then it is with the ultraviolet
completion that the story can continue.

But ultraviolet completions that maintain the local Higgs
description on scales at least an order of magnitude above
the TeV scale are now facing their own issues of naturalness
as well as a general lack of simplicity. Of course the reason
to push the ultraviolet completions to higher scales is to
avoid effects of the new physics that perhaps should already
have been seen. But we view the exact nature of the new
effects to be a model dependent question, so that the
generic estimates of the effects may be substantially
modified by the structure of a particular theory or by
difficult to calculate effects of strong interactions. With this
in mind we feel that it remains worthwhile to consider the
possibility that the Higgs description breaks down at no
more than a few times the TeV scale, since it is in this case
that issues of naturalness are most simply resolved. It may
appear that nature has conspired a little to keep this nearby
physics hidden from us, but we won’t know by how much
unless we study these theories further.

From the viewpoint of simplicity and economy, the main
advantage of an ultraviolet completion at a TeV is that the
fundamental matter degrees of freedom can be standard
chiral fermions. Rather than exotically charged fermions a
sequential extension of the known fermions, a fourth
family, can be considered. New fermions of a fourth family
have masses that are bounded from above, <1 TeV, due to
the fact that their masses would contribute to W and Z
masses. The direct search for the heavy quarks of a fourth
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family have not yet saturated this bound, but the current
lower limits on their masses do put the nature of new
interactions involving the fourth family firmly in the
strongly interacting regime.

In the case of a strongly interacting fourth family it is the
condensates of the heavy quarks, the 7 and the &', that are
likely the primary origin of electroweak symmetry break-
ing. We shall find that it is also important to include the
effects of the ¢ and the 7/, and so we include all four
fermions in the set of heavy fermions we consider. They all
contribute to the loop induced gg and/or yy couplings of
the light states of interest while the fourth neutrino v/, does
not and so we choose to neglect it. A neutrino condensate
does contribute to electroweak symmetry breaking but the
error we make by neglecting it should be small. In addition
if this neutrino mass is of the Majorana type then the
mixing of the associated scalar mode with the other scalar
modes should be suppressed. There are various contribu-
tions of both signs that the heavy fermions make to the §
and T parameters, but a fourth family cannot as yet be ruled
out solely by these precision measurements [1,2].

The discovery of the Higgs-like 126 GeV state presents
some serious hurdles for any theory of dynamical electro-
weak symmetry breaking. There are basically three ques-
tions. (1) How can the strongly interacting theory at a TeV
have a light scalar in its mass spectrum? (2) Why should
this light scalar resemble a fluctuation around the vacuum
expectation value (vev) of an electroweak scalar doublet,
as indicated by its observed couplings to W and Z? (3) How
can it be that the couplings of the scalar to the heavy
fermions are such that the induced loop couplings to gg
and yy also resemble that of the Higgs boson?

We first comment on the second question. We are
interested in the condensates that can develop for the four
scalar electroweak doublets 7xq; , Toq), brq}, Tht’;. The
fluctuations around these condensates include the neutral
and charged Goldstone bosons. They may also include
other rather light states, at least lighter than twice the
heavy quark mass. The local fermion condensates are one
manifestation of the symmetry breaking, but a better
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representation of the order parameters is provided by the
momentum dependent dynamically generated fermion
mass functions. Then differing fluctuations around these
mass functions will also be characterized by their differing
momentum dependence, that is by their form factors in
momentum space.

The main question is the nature of the form factor of
the lightest neutral scalar fluctuation (one for each flavor).
The point is that this form factor may have a momentum
dependence that is similar to that of the mass function.'
That is the lowest lying scalar fluctuation of the mass
function is close to being a fluctuating multiplicative factor
times the mass function. This means that the attachment of
a low momentum scalar to a fermion loop hardly changes
the value of the loop, or in other words the amplitude for an
additional scalar is close to being o(x)/v times the original
amplitude.” This is a property of a linear sigma model
description, in which the action is a function of v + &(x).
SU(2) x U(1) symmetry must also be manifest and so the
approximate low energy description must be in terms of
electroweak scalar doublets fluctuating about their vevs.?

We thus pursue an effective scalar field description in
which we have four electroweak doublets,

<I>-:< a ) =107, (1)
1 . ] ’ ’ ) )

(v +0; + ”1:‘)/\/E

with 7,0 = 22, This effective theory need only be well
behaved for field values and field momenta less than a
compositeness scale, at most a few times a TeV. The four

doublets have hypercharge +1, and <i>t, &),J, Py, & (Where
® = i7,®*) have the quantum numbers of the fermion

bilinears 7zxq;, Txq;, brq), TRt;. There is a rough
proportionality between the vevs v; and the underlying
dynamical fermion masses m;. This is seen in the one loop
contribution to the W and Z masses which can be written

approximately in the form

}’lin’ll2 Ai
v? = e ln%. (2)

'As shall be discussed elsewhere [3], the integral equations
that determine the mass function and the form factor only differ
by terms that become important in the infrared, that is by terms
that implement an effective infrared cutoff in the respective
integral equation. Thus the solutions will be similar for momenta
above this cutoff.

’In more detail one needs to distinguish v = f, and f,, but
again the (small) difference is due to terms that implement an
effective infrared cutoff in the respective loop integrals.

3The authors of [4] argue that this resemblance even extends to
the sigma resonance of QCD. They obtained the ozz coupling in
2-flavor QCD from the / = 0 and J = 0 partial-wave projection
of the elastic zz scattering amplitude at the ¢ pole [5]. The value
of the ozz coupling so obtained agrees very well with the linear
sigma model prediction. This coupling is the analog of the Higgs
coupling to WW and ZZ.
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n; = 1 or 3 is the color factor and A; characterizes the scale
of significant falloff of the mass function. The large ¢ and b’
masses should be similar and they are basically determined
so that the correct v emerges. Masses around 800 GeV
would mean that they have roughly the same ratio to v as the
constituent quark masses have to f, in QCD.

We see then that v is well below the compositeness scale
~2my, as is needed for self-consistency of the effective
scalar description. This also means that Yukawa couplings
are large; the Yukawa coupling of the ®; field to the ith
heavy fermion is v/2m;,/v;. From (2) this gives a Yukawa
coupling ~5 for the heavy quarks; this is pushing into the
unitarity bound but this is just a reflection of an underlying
strongly interacting (and unitary) theory. Also, if the
Yukawa coupling was probed on scales of the order of
the compositeness scale or larger, a damping form factor
would become apparent.

The 7/ mass is likely closer to the r mass than to the 7 and
b’ masses [6]. Thus we shall be assuming a clear separation
between the large vevs v, and v, and the smaller vevs v,
and v,. To be definite we shall set®

vV =0y = vy = 1,0, = Loy, (3)

with 1, = tany ~ m, /m, ~ 5 so that v'> = L v?sin’y 1 02

In the following this will lead to an expansion in powers
of 1/t,.

We label the four neutral scalar mass eigenstates hy, h,,
h3, hy, ordered from small to large mass. Of most interest is
the lightest state b, = Y ;s,0; with >_;5? = 1. With stan-
dard kinetic terms for the ®; the coupling of /; to WW and
ZZ is proportional to v=! % | 5;0;. The maximum value
of this is unity, the value for the SM Higgs boson, which
occurs for s; = v;/v. In our case this is [s;, sy, 5y, 57] =
Si%[l/t ,1,1,1/t,]. hy has the Yukawa couplings /) _;
(s;m;/v;)@;y; to the heavy fermions, and these also take
values expected of a Higgs boson when s; = v;/v. In our
framework there is no reason that it is precisely the s; =
v;/v combination that is a mass eigenstate, but data tells us
that the 126 GeV state is not too far from it.

We can now turn to the third question posed above.
A fourth family yields additional loop contributions to
Higgs couplings to gg and yy and these couplings are
typically driven very far from SM couplings. At least this is
true for the combination s; = v;/v. In particular the £, gg
loop amplitude relative to the SM value in the heavy
quark loop approximation is v _ (1.0} 5i/ vi» Wwhich for s; =
v;/v is 3. The fermion loop contribution to the h;yy
amplitude relative to the standard top loop contribution
is v(s;/v, + sy/vy + sy /vy +350/vy), which for s; =
v;/v would again be 3. But instead consider [s,,s,,
Sprs Sy :Si%[—l/tl, 1,1,1/t,]. In this case both of the

“The choice of v, = v, will simplify our discussion but it is
not crucial for our results.
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previous amplitude factors take the value of unity.5 The h,
coupling to WW and ZZ is then necessarily smaller, but it is
only slightly smaller by a factor of (1 +1/72)”" = sin’y.
Thus only a change of sign of the small top component of
the h; field, s, —» —s;, brings its couplings dramatically
closer to the standard values. In the following we shall be
concerned with how this change of sign can arise through a
study of the mass matrix for the scalars.

The b quark and lighter fermions must also have Yukawa
couplings that are induced by some underlying flavor
physics. These Yukawa couplings can in principle involve
all of the four scalar doublets ®;. For example the 3 x 3
down-type quark mass matrix is >_;v;Y¢ where the Y¢ are
four Yukawa coupling matrices. Meanwhile the /; cou-
pling matrix to the down-type quarks is Y _;s;Y¢. For the
special case s; = v;/v these two matrices are proportional
and &, does not have flavor changing couplings. But when
s, = —s, then there can be flavor changing couplings that
are suppressed by O(1/t,). The h;bb coupling could also
receive a O(1/t,) correction. The actual size of these
effects is of course dependent on the form and relative sizes
of the Y¢. The situation is similar for the charged leptons
involving the Yukawa matrices Y§, and if for example Y¥
was small compared to Y then the correction to the k77
coupling may be smaller than O(1/1,). For up-type quarks
the difference is that the  mass comes solely from ¢, and
the h,7t coupling s,m,/v, = —m,/v is negative. This sign
has physical effects since it is relative to the still positive
top mass.

There remains the first question posed above: why is
there any light scalar at all? We expect the (7', b') sector to
display an approximate SU(2), x SU(2); symmetry and
so it will be useful to use a notation that makes this explicit.
We define the fields U = (®,®,) and U = (ity)U*
(ity)T = (P, P,) (these 2 x 2 matrices are not constrained
to be unitary) that both transform like i/ - U, U U}, under
SU(2); x SU(2)g. Mass terms expressed in terms of these
fields take the familiar forms (with Tr(UA'U) = Tr(UU)).

m2 Te(UTU) — = (m2 Tr(U'U) + H.c.)

1
2
= m}(®, D, + ] dy) — (m3P, &y +He.). (4)

The mass mixing term plays an essential role in 2-Higgs-
doublet models and it is clearly consistent with the
SU(2); x SU(2), symmetry.

We can now construct the SU(2), x SU(2), symmetric
quartic terms from the U and U fields. We have the one
trace

SIf the ¢, b’ and 7’ contributions to these amplitudes were
uniformly increased or decreased, perhaps due to some new
strong interaction effect we have neglected, then a further shift in
s, could again bring both amplitudes back to unity.
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Ky Te(UTUUTU) + ko Te(UTUUTU) + 13 Te(U UUTU)

n {% Te (U UL U) + %5 Te(U UL U) + H.c.},

(5)
and the two trace terms
& Te(UTU) Te(UU) + & Te(UTU) Te(U'U)
+ & Te(UTU) Te(UU) + {’;—4 Te(UU) Te(U'U)
+ "55 Te(U'U) Te(UU) + Hc} (6)

More insertions of I/ do not produce new terms.
Let us consider one particular degree of freedom o (x)

where
el L)

It is easy to see that the contribution to the quartic term
Ho(x)* is

13
i=1
Therefore 4 — 0 when &; — —%K‘i for i =1..5, and the
mass of this scalar vanishes in this limit for fixed v,
since m2 ~ 2v?>1. Thus a light scalar emerges if a certain
approximate relation exists between those diagrams where
the four scalar fields couple to one or two ¢’ loops,
respectively (corresponding to the one and two trace terms).
Meanwhile, as familiar from the 2-Higgs-doublet model, if
the m% mass mixing term in (4) is large it gives a large mass
to the other physical states. We shall refer to the combi-
nation of these two phenomena as the decoupling limit for a
light scalar emerging from condensing ¢ and ' quarks.
We can now start to see the type of dynamics that is
required to have a light scalar. From large N . arguments the
two trace terms are O(1/N,.) suppressed relative to the one
trace terms. In fact in Nambu-Jona-Lasinio models the two
trace terms are typically ignored by invoking this large N,
argument. The «,, ...k5 terms are also usually not consid-
ered and «; is estimated to be large [7], so this precludes a
light scalar. Similarly there is no light scalar in QCD or
QCD-like technicolor theories. The strong interactions
must be far away from a large N, limit to allow for a
significant cancellation between the one and two trace
terms, and thus we are led to consider a strong U(1) gauge
group. (Normal color is an effective flavor with respect to
this strong interaction and a two ¢’ loop diagram has a
flavor factor of three relative to a one ¢’ loop diagram.)
Purely structurally a U(1) may be the only choice for a new
gauge interaction that acts on a fourth family, and possibly
also the third [8]. We take it to be broken near the TeV scale
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so as to allow the heavy fermions to mix with lighter
fermions. The possible fixed point behavior of a strong
U(1) at large Ny [9,10] may also be of interest in this
context.

The other ingredient of a decoupling limit is the required
@;@b/ term. It can be seen that Tr(UTU) +H.c.. is a
bosonized version of the operator (i7),,(i72).4] a9 ke
G} »qrg + H.c., and so this operator must be present in
the underlying theory. Similarly a replacement of a {/ with a
U in a quartic term corresponds to an insertion of this
operator. This operator cannot be generated perturbatively,
and so it represents another distinct feature of the non-
perturbative dynamics. This operator may contribute to the
breakdown of the U(1), depending on U(1) charge assign-
ments [8]. Four-fermion operators of this chirality changing
structure have been argued to play a useful role in the
generation of other quark and lepton masses [11,12], and in
particular the top mass [13].

PHYSICAL REVIEW D 90, 015004 (2014)

We now turn to the couplings between the ¢, ¢, fields
and the ®,, ®, fields, where these couplings can be treated
as SU(2), x SU(2)y symmetry breaking effects. This will
lead to corrections to the decoupling limit that are of order
1/t,. We can define additional 2 x 2 fields, X', = (®,0)
and X, = (0 ®,), and thus obtain additional mass mixing
terms in the scalar potential,

—{m3Te (U X)) +mE Te (U X,) +m2 Te(XTU)
+m3Tr(X U) +He.}
=—{m}®[ @) +m2®] Ty + miD, P, +mi® @, +Hoe}.

©)

Each of these mass terms again has a corresponding four-
fermion interaction in the underlying theory. We can also
consider the quartic terms that are linear in the ®,, ¢,
fields. There are again one and two trace terms.

ke TeUUUTX,) + iy TeUUUX,) + kg TeUTUUTX,) + ko TeUUUT X))
k1o TeUTUUTX,) + k1 Te(UTUUTX,) + ko Te(UTUUTX,) + k13 TrUTUUT X))

+ [2 trace terms with x; — &;] + H.c.

Here we have only shown the terms involving &’;; there are
an analogous set of terms involving X'.

We note that &; ~ —%Ki for i = 1,...5 does not neces-
sarily imply that &; &~ — 3 «; for i = 6,7, ...13. Terms with a
X, have a top loop in addition to the ¢’ loops in the
underlying diagrams and if ¢ and ¢’ have opposite U(1)
charges [8] then it is especially clear that strong U(1)
interactions will cause the relative size of the k; and &; terms
to change for i = 6,7,...13.
|

V=mid &, + mi®, o, + m3 (PP, + @ Py)

(10)

We now give the multi-Higgs potential in conventional
form, and then we can relate the standard quartic couplings,
the 4;s, to the «;s and k;s. For the quartic terms we only
keep terms to first order in the ®,, @ fields as these will be
sufficient for the leading O(1/t,) corrections. (We have
included the m§ term just to show its effect.) We also ignore
charge parity (CP) violation and thus assume all coeffi-
cients are real.

— {m}® @)y + mi®[ D, + miD[ Dy + PP By + 3P, D)y + miDLD, + Hee.}

1 N 1 +
+ 5/12[(@;@#)2 + (0, @y)?] + A3(R) D) (D) By) + A4(D] By ) (@), D) + {5/15(@,}@1;’)2 + H-C-}

+{[6D By + 27 B[ By + AP By + BBy + 210 By )(BL D, + D D)
F D[y R Dy + A1y R Dy ) By + A3 P10y B Dy + 414D Py DD,
+ 25D BT By + Ay P By @Dy + 417 P By DT Dy + Ag LDy D Dy + He ) + - (11)

We obtain the following relations for the terms that only
involve ®, and ¥, fields.

=Ny =2k, + 28 +28y Ay = =2k + 2K + 25 + 4Ry

1
/15 :21('5 +412'5 /16251('4 +k4 (12)

In the decoupling limit where &; = —%K,- we have 4, =
M~ —3A~(k —Ky) and As~Ae~0. It might be

expected that both «x; and x, are positive and that the
two insertions of I/ in the x, term result in x; —k, > 0.

For the quartic terms involving ®, we have

/17 :K.'6+12'6+f<12, ’18 :K.'7+12'7+12'10,

A = —Kk7 +Ky9+ K1 +281, A =—K¢ +Kip K13+ 283,

Ais =k +2Rg, Aig =Ko+ 2Ko. (13)
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There are analogous relations for the quartic terms involv-
ing ®,.

We use the minimization conditions to eliminate to m,
m; and m, and thus write the mass matrices,

PHYSICAL REVIEW D 90, 015004 (2014)

ME =M+,

(15)
(16)

as follows, with [z, ¢, b’, '] as the basis order and where it

M% =M+E (14)  is understood that the matrices are symmetric.
|
t,(m} + m2) + m} —m3 —m? —m3
M i+ —mg 17
N 5+m7 2 ( )
m3 + —mz
£, (mg -+ m3) + mg
Ao Ar+3An+Ais—hie As+3A + A —3his 0
A
—hs — Ao — % As + 2 + 7" o +3ha +hy =3 (18)
—As —/16—%“ Ao+ 3413+ Aig — 5 A7
—t,
— A —Ais + dis Az = A+ 415 = Age 0
—/14 +4s — 217““”?'5_1” Ay = As+ 2 Az = A = A7 + A (19)
—Ay + s — Z—A'ZHM;MFM g =iz +Air —Aig
0
/12+/15+2/16+2WM /13+/14+2/16+1Hf A9 + Ao + 413 + A1g
S =17 ‘ (20)

B+ A5 + 20 + 2R G 4 g - Qg + Ay

We have defined

1
Ap = Ao+ Ao+ 5 (/113 + g+ A7 + Aig),

1
ﬂ.czﬂq"‘ﬂg"‘_

2 (A2 + Ayg + 4415 + i + 447 + Aig),

Aa =23+ Ao+ 3 (/111 + Az + Ais + 4 + A7 + 4gs),

Ae =47 + A8 +/19 + 410
A =An + A + i3 + Aug,

Ag = Ais + e + 417 + Ais. (21)

Let us start by turning off all the terms in )V that are linear
in the ®,, ®, fields and only consider the 2 x 2 version of

0

[

the above matrices for the ®,, ®,, sector. These results will
then be familiar from the 2-Higgs-doublet model with
tan$ = 1. The state &, = (6, + 6/)/+/2 has mass

m%l 0/2(12 + 13 + j.4 + 15 + 416)

W

202 (k; + 24;)

i=1

(22)

where we have used the relations in (12). A neutral
pseudoscalar, n; = (1, —ny)/ v/2.° has mass

= 2m2 — v (205 + 2Jg). (23)

2
m'?l

®This combination is a isosinglet due to the definition of the
fields in (1).
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a charged scalar h* =

(¢ — ¢%)/V/2 has mass

mii = 2m§ - U/2(14 + 15 + 2&6), (24)

= (oy = o)/V/2 has

and the next heavier neutral scalar /,
mass

my, =2m3 + 0% (= A3 = da — A5 = 245).  (25)

SU(2), x SU(2), symmetry implies 4, = A3 and thus a
near degeneracy in the &, and A* masses. In the decoupling
limit
mr,~ m%z ~mi 420 (k; —Kka). (26)
We also give the trilinear couplings involving /; that
occur at leading order in 1/,.

2
v

hl 34 2
hy 34 — A3 — Ay — As5)hyh
2\/— ( 2 3 4 5) 1742
+2(Ay + A3 — Ay — As)h BT R
‘I‘(ﬂ.z +ﬂ3 +ﬂ.4 - 3&5)}117]% . (27)

The /3 coupling is the SM value and the other couplings in
the decoupling limit reduce to

20k — ) g (B3 + 20 H7)). (28)

From (26) this coupling is related to a mass difference.
The hh"h~ couplings imply a charged scalar loop cor-
rection to i; — yy, but this correction is further suppressed
by v2/m7..

Now let us turn back on the mixing between the ®,, O,
and the ®,, ®, sectors and so study the O(1/t,) correc-
tions. The full matrices /\/1,27 and /\/lfli each have a
vanishing eigenvalue (the Goldstone mode) with the same
eigenvector, * 72 sing £[1/t,.1,1,1/t,]. These matrices have the

same form as M that is they can be written as a matrix, M,
with the masses redefined to include the A; contributions.
Another eigenvalue of M is

2 2.2 2.2 1
[ i o)
Tt [my+m3)  (mg+m3) I

This is the next lowest eigenvalue if it is less than z, (m3 +
m3) and t,(mZ + m3), which are respectively the other two
eigenvalues at leading order. The O(1/t,) corrections for
m’ll
suitably redefined to represent the matrices M% and M2, Pt
Of more interest is the neutral scalar mass matrix M7
that is obtained from M% by adding S; this raises the

and mhi can be obtained by using (29) with masses
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vanishing eigenvalue and distorts the corresponding eigen-
vector. We have already seen how this eigenvalue can
remain small compared to the next higher eigenvalues of
all three mass matrices. We now need to see how the
corresponding eigenvector can be close to 5:;12‘[ 1/t,,1,
1,1/t,]. First we see that the existence of such an
eigenvector constrains the relevant mixing terms in the
mass matrix,

M + M/m 1
Min t/

Mips + Miss ~ _l' (30)
Mis 4

By inspection of the mass matrix this then leads to the
necessary constraints,

AV~ (mi+m2)/2 and 2,07 ~0, (31)
where A, and 1, are defined in (21). We note that 1,0> and
Apv'? cannot be greater than mj+ m? and m?+ m3,
respectively, to ensure that M3, and M3,, are positive.

With this we can obtain the O(1/t,) correction to mil.
There are contributions both from the mixing as described
by (30) (this reduces mi]) and from the 1/t, corrections
that are present in the inner 2 x 2 block. The combined
correction is found to give the 1/¢, term in the following:

1
my =0 (A + A3+ A4+ A5 +44) +— (mi+m§)+(’)<t—2>
)( X

5 n 13

1
=2 ’22 i+ 2K; +—U E +28;)+0( = ).
v (ki +28;) ; (ki +2k;) O<t2)

i=1 X i=6 X

(32)

The second sum is a representation of 24, after using (1 3)
For illustration if we take 7,(m3 + m4) =1TeVandt, =
5 then the second term is (200 GeV)?. For a 126 GeV mass
Higgs boson the first term would need to be —(155 GeV)?,
or in other words the sum of ;s in the first term is —0.8. In
this case the 1/¢, corrections are stabilizing the vacuum.

We may also obtain the 1/t, correction to the h3
coupling,

1}/
2v2
Wlth j’h = 227 + 2)“8 —4),9 —4/1]0 +/11 1 +),12 - 2),13 _2il4+
Ais + 416 — 2417 —245. This 1/t, correction may also be
relatively significant when compared to the anomalously
small lowest order value.

We would now like to explore just how close we need to

be to the mixing pattern we have described, that is how
close to the relations in (30) we need to be, for consistency

1 1
h? /12 +/13 +/14 +/15 +4/16+t_/1h+0<t_2>:|’ (33)
X X
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with the present data. For this it is sufficient to simplify
things and set M3,, = M3,, = p*> and M3, = M3, =0
[notice how (29) does not depend on m%]. The difference
between M3,, and M3 is suppressed by 1/1, and it could
be of either sign, so we also set M3,, = M3,;. We can
then write

1 —-d —-c 0
—-d a -b —-f
M: =2 : (34)
—-c —-b a —e
0 —f —e 1

Insisting that all eigenvalues are positive implies that

(A +d* + e+ f2), (35)

| =

a>A=

—(a—A)Sb+cd+ef Sa-A. (36)

The decoupling limit corresponds to when b is near the
upper end of its range in (36). The relations in (30) become
c+d~-1/t, e+ fr1/t,. (37)

The two lowest eigenvalues (as long as a + b < 1) are
approximately

(c+d)*+ (e + f)?
5 ,

mj, [W*~a—b— (38)

(c=d+(e=f

my, [W*~a+b— (39)

The corresponding eigenvectors are approximately propor-
tional to

2 2 2 2
{c%—d,l—(c ”JZ ntin}
G ezéiydz =, +f}, (40)
[d—cl (2 + e —d® — f2)
1-2b° 4b(1-2b)
-1+ :be(i_—szb;fZ)’{ —_2819]' (1)

The new correction terms in (40) will affect the /2 coupling
to yy, but will cancel in the gg and VV (WW and ZZ)
couplings. The couplings of h, are determined approx-
imately by (41) and in particular we see that its VV
couplings are quite suppressed. The /h, coupling to ¢f or
77 depends on d —c or f — e respectively and the gg
coupling is also strongly dependent on these differences. In
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addition the coupling responsible for the decay h, — h;h,
only appears at order 1/¢,, and so h, — 17;Z may be a
dominant decay of h, if m;,, —m, is large enough.

To find the allowed region in the space of c¢,d,e, f
parameters we perform a scan over this space for the fixed
a and b. Rather than use the approximate results in (38)—(41)
we instead use the eigenvalues and eigenvectors of (34) as
obtained numerically. We uniformly sample ¢, d, e, f and
only keep those values that produce positive mass squares and
are such that the &; production cross section times width
(6 xI')into V'V, yy and rz respectively is each within 20% of
the SM Higgs value (the £, coupling to 77 is assumed to be
s»v/vy times the SM value). Then the acceptable values of
¢,d, e, f are shownin Fig. 1, where we have made the choice
a =04, b =035 and 7, = 5. This shows quite clearly the
extent to which the sums ¢ + d and e + f are constrained,
while showing that the differences ¢ — d and e — f are not
constrained. The resulting values of ¢ x I" for VV, yy and 7z
are spread quite uniformly over the allowed ranges.

In Fig. 2(a) we display some quantities as a function of
mj, /u*, where the large range of mj /u* is due to the
variation in ¢ — d and e — f. If these differences were small
then mj /u* would be confined to the upper end of its
range. The figure shows that the values of m%,l /u? are small
(with an average value of 0.016) and are quite independent
of the allowed values of ¢, d, e, f, as (37) and (38) indicate.
This figure also displays (1) ¢ x I' for the vector boson
fusion (VBF) or associated production (VH) process with
hy decay to VV and (2) the square of the /; coupling to 7,
both relative to the SM Higgs boson. The former is seen to
have values that are about 0.85 times the SM values; this is
a reflection of the slightly smaller #;VV coupling we
mentioned earlier. This result can receive corrections from
possible dimension-six terms in the effective scalar doublet
theory.

g%’;u o "

8o

R e,
ThEelos .
3
o Bvor, € %
0.4 o

FIG. 1 (color online). The allowed ranges of the parameters
c,d, e, f appearing in the scalar mass matrix M,zl in (34) for
a=04,b=035and t, =5.
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FIG. 2 (color online).

(FVBFF(hl — VV) (blue squares) and gh 5, (red circles), both relative to the SM Higgs boson, and mh /u? (green

diamonds) as a function of mh /u?. The left and right plots are for two different scans as described in the text.

As another possibility we point out a significant leeway
that is still permitted by the data, which allows various
Higgs couplings to be uniformly smaller (or larger) than
in the SM. We show a fit to the combined data using
HiggsSignals 1.2 [14] in Fig. 3. It displays the correlation
in the allowed scaling of the bb coupling (not squared)
with the allowed uniform scaling of the yy, zz and VV
couplings. The reason for this is that the Higgs widths into
each of yy, 7z and VV can all be smaller than in the
standard model as long as the width into bb is also
appropriately smaller. The latter reduces the total width
and thus boosts the branching ratios up to the observed
values. We mentioned earlier that the &,bb coupling can
receive a O(1/t,) correction.

The present data can easily accommodate a reduction in
o x T for yy, 7z and VV on the order of 0.85 that is
compensated by a reduced total width due to a smaller bb
coupling. We thus perform a second scan over the ¢, d, e, f

ATLAS, CMS, CDF, DO combined, HiggsSignals 1.2 sz

20

R 16
| i c 20
30
15
1
El 10
i 5
0 L L L L I L L L L 0
0 1 2
Ybb

FIG. 3 (color online). gy is a uniform scaling of the Higgs
couplings to V'V, yy and 77 and gy, scales the Higgs coupling to
bb [based on data included in HiggsSignals 1.2 (March 2014)].

parameters where we assume that the total width is
reduced by 0.85. The result is shown in Fig. 2(b). The
VBF or VH processes are now SM-like in size, but the
square of the i; coupling to f7 is now seen to be enhanced.
The average value of mj, /i is little changed at 0.014.

The couplings of h, are also determined in the scan and
in Fig. 4 we show results for the first scan above (the
second scan is similar). In Fig. 4(a) we show the gluon
fusion production cross section for h,. The range of values
grows very dramatically as m?  decreases. In Fig. 4(b) we
show ['(hy, — 17) +1'(hy — T;T) where I" denotes the
width relative to the SM Higgs boson. Thus at least one
of these widths also grows dramatically as m%lz decreases.
From this it would appear that a /1, mass that is well below
its maximum value could easily be ruled out. Meanwhile
['(hy = VV)/(['(hy = @) + T'(h, — 77')) remains small,
remaining below ~0.004 for any m%z.

The heaviest two neutral scalars #5 and h, have masses
of order pu (this is y =~ 1 TeV if our illustrative value of
mj, /u* is to produce the correct m, ). Their eigenvectors
are dominated by the 7 and 7’ components and so the sum of
the squares of the /3 couplings to # and 7’ will be a factor of
z2t)2( larger than the square of the SM Higgs coupling to ¢
(and the same for h4). Among the scalars h,, hy hy, the
most interesting one may be the one with the largest
product of production cross section and branching ratio
to 77. With an enhanced cross section and significant
branching ratio, such a boson could be accessible even with
a large mass.

We have mentioned the Yukawa couplings of the scalar
fields to the lighter families and the suppression of the
flavor changing couplings of i; by O(1/t,). The heavier
scalars can have flavor changing couplings that are not
suppressed in this way, although in this case the higher
mass of these states can produce a similar suppression.
In both cases the ultimate size of these effects will
be governed by the form of the Yukawa couplings.

015004-8
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FIG. 4 (color online).

These couplings are induced by four-fermion interactions
that couple light to heavy fermions and that reflect new
flavor physics at scales up to ~103 TeV. The structure of
the underlying flavor physics may be such as to give rise
to additional suppression of flavor changing neutral
currents. This can occur through approximate symmetries
in the effective theory, of the standard discrete type or of
the continuous type [15-18]. Approximate symmetries are
consistent because of the natural UV cutoff of loop effects
involving scalars.

In summary we have discussed some particular features
of strong interactions involving a fourth family that could
underlie the existence of a light Higgs-like scalar. We
argued that “small N.” dynamics is necessary for a partial
cancellation between the one and two trace contributions to
the lightest scalar mass. This points to a strong and broken
U(1) gauge interaction. The other required feature is a
scalar mass mixing term, well known in 2-Higgs-doublet
models, that pushes the other states to higher mass. The
origin of this term lies with a four-fermion interaction
of a certain chiral structure that cannot be generated
perturbatively. These features of the strong interactions
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20 (b)
R
15T (hy — t8) + T(hg — 7'7") W%ﬁ.‘%
e TS
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51 LXY
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0 \

03 04 05 06 07

my, /i’

(a) 6(gg9 = hy) and (b) ['(hy — 1) + T'(h, — 7'7'), both relative to the SM Higgs boson.

can allow one to be “accidentally” close to a decoupling
limit for a light scalar. We also commented on how it can
be that a linear sigma model provides a good description
of such a scalar.

The small mass of the 7 and 7’ relative to the large mass of
¢ and b’ implies a similar ratio of the vevs, and this small
ratio determines the size of corrections to the decoupling
limit. It also implies that the light scalar has small ¢, and 6,
components. When the relative sign of the ¢, component
is negative this changes the sign of the scalar coupling to
the top quark. We have shown how this can emerge via a
4-Higgs-doublet potential and how it is needed to bring gg
and yy couplings into line with the observed values.
Experimentally the sign of the Higgs coupling to the top
is accessible through the study of Higgs boson plus single
top production [19-23].
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