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New prospects for Higgs compositeness in # — Zy
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We discuss novel effects in the phenomenology of a light Higgs boson within the context of composite
models. We show that large modifications may arise in the decay of a composite Nambu-Goldstone boson
Higgs to a photon and a Z boson, 7 — Z+y. These can be generated by the exchange of massive composite
states of a strong sector that breaks a left-right symmetry, which we show to be the sole symmetry
structure responsible for governing the size of these new effects in the absence of Goldstone-breaking
interactions. In this paper we consider corrections to the decay & — Zvy obtained either by integrating out
vectors at tree level, or by integrating out vectorlike fermions at loop level. In each case, the pertinent
operators that are generated are parametrically enhanced relative to other interactions that arise at
loop level in the Standard Model such as # — gg and h — vyvy. Thus we emphasize that the effects of
interest here provide a unique possibility to probe the dynamics underlying electroweak symmetry
breaking, and do not depend on any contrivance stemming from carefully chosen spectra. The effects
we discuss naturally lead to concerns of compatibility with precision electroweak measurements, and we
show with relevant computations that these corrections can be kept well under control in our general

parameter space.
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I. INTRODUCTION

The LHC phase of data taking at 8 TeV is over and a
large collection of experimental results on the Higgs boson
has been derived. Although data still have to be fully
analyzed, a clear picture seems to be emerging: the prop-
erties of the newly discovered particle closely resemble
those of the Standard Model (SM) Higgs boson. Overall,
the quantitative agreement between its measured couplings
and the SM predictions is at the 20%—30% level [1,2]. This
strongly suggests that the new particle is indeed part of an
SU(2); doublet H, and that the scale of new physics (NP)
must be somewhat higher than the electroweak scale.
From this perspective it is important to ask which observ-
ables or processes are most sensitive to NP effects and
where we may be likely to see deviations from the SM
pattern in the future.

It is well known that Higgs processes occurring at loop
level in the SM, such as the decays h — y7y and h — Zvy,
and the gluon-fusion production gg — h, are particularly
sensitive probes of weakly coupled extensions of the SM.
This is typically not true, however, in theories with a light
Higgs boson where the electroweak symmetry breaking
(EWSB) dynamics is strong. If the Higgs boson is a
composite Nambu-Goldstone (NG) boson of a new
strongly interacting sector, parametrically large shifts are
expected in the tree-level couplings, while hgg and hyy
contact interactions violate the Higgs shift symmetry and
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are thus suppressed. On the other hand, a similar symmetry
suppression does not hold for a ~Z7y contact interaction.

To make this point more quantitative, contributions to
the gg, Y7y, and yZ decay rates induced by the exchange of
new particles with mass much larger than the electroweak
scale can be conveniently parametrized by local operators.
For a Higgs doublet, the leading NP effects are parame-
trized by dimension-6 operators. A complete characteriza-
tion of the Higgs effective Lagrangian at the dimension-6
level has been performed in previous studies [3-5]; see
Ref. [6] for a recent review. In the basis of the strongly
interacting light Higgs (SILH) boson of Ref. [7], the
CP-conserving operators relevant for the gg, vy, and Zvy
rates are’

2
0, = 35 HtHGY, ,Gow,
My
i . .
Opw = m—‘g(D“H)T o' (DY H)W,,
w
2
0, =2 H'HB,,B" (1.1)
my
ig' ,
Oup = — (D*H)'(D"H)B,,,.
My

The operators O, and O, contribute, respectively, to the
gg and 7yvy rates, while Zy gets a contribution from
both O, and the linear combination Oyy — Oppg. The
additional operators

'"We normalize the Wilson coefficients according to the con-
vention of Ref. [6].

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.88.075019

AZATOV et al.

g 4 o
Oy = 2m%vDVW,;V(IﬁalDf'«H),
ig' < (1.2)
Op = o 9B, (HD*H)

do not mediate &7 — Zvy for on-shell photons, but their sum
contributes to the S parameter [8]. By working in unitary
gauge and focusing on terms with one Higgs boson, the
operators of Eq. (1.1) are rewritten as

_ Cgg h  Cyy h h
L= TwaGaW; + 77/“/7’“/; + CZ«/ZW)”“’;,

(1.3)

where (by ¢; we denote the coefficient of the operator O; of
the SILH Lagrangian) [6]

Coq = 8(a,/ar)C,, Cyy = 8sin?0yC,, (L4)
Czy = — tan ew[(C_'HW - EHB) + SSiHZHWEy],

and a, = \/prm%V/ 7. The expression of the partial
decay width to Zvy, including the SM contribution and
the correction from Eq. (1.3), is given in Appendix A.

Let us perform a naive estimate of the size of the effects
mediated by the operators of Eq. (1.1). By simple dimen-
sional analysis, the Wilson coefficients ¢; scale as 1/M?,
where M is the characteristic NP scale. Their contribution
to the Higgs decay rates is thus suppressed by a factor
~(m3,/M?), where my, = m,, is the energy scale of the
process. If the operators O; are generated by the tree-level
exchange of new particles with unsuppressed nonminimal
couplings to photons and gluons, one naively expects a
correction

Alyee  mj, 167
Fsm M? 82

(1.5)

Unsuppressed nonminimal couplings can arise if the new
heavy states are bound states of some new strong dynam-
ics; see for example the recent discussion of Ref. [9]. On
the other hand, in weakly coupled UV completions of the
SM as well as in some strongly coupled constructions such
as holographic Higgs models, the massive states have
suppressed higher-derivative couplings. In this case the
operators O; are generated only at the cost of a loop factor
(g2/1672) [7], where g, denotes the coupling strength of
the Higgs boson to the new states:

(1.6)

In the last identity we have defined 1/f = g./M. Large
corrections are thus possible in strongly coupled theories,
where the Higgs boson is a composite of the new dynamics
and 1 < g, <4m. However, a composite Higgs is natu-
rally light only if it is a NG boson of a spontaneously
broken symmetry G — JH of the strong sector. In this case
the scale f must be identified with the associated decay
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constant, and shifts of order (v/f)> are expected in the
tree-level Higgs couplings to SM vector bosons and
fermions from the Higgs nonlinear o-model Lagrangian.
At the same time, exact invariance under G/ H trans-
formations, which include a Higgs shift symmetry H' —
H' + ', forbids the operators O, and O,,. For the latter to
be generated the shift symmetry must be broken by some
weak coupling 8¢ SO that the naive estimate of Cg> Cys
and hence their contribution to the decay rates to gg and
y7v, is further suppressed by an extra factor (gé/ g2).

Conversely, the operators Ogy and Opp are invariant
under the Higgs shift symmetry, and the naive estimate
(1.6) holds for the h — Zvy rate. It follows that for a
composite NG Higgs boson the largest NP effects are
expected to arise from shifts to the tree-level Higgs
couplings and from the contact hZ7y interaction [7].
From this perspective, a precise measurement of the Zy
rate is of crucial importance.

It is the purpose of this paper to quantitatively study the
h — Zvy decay rate in the context of composite Higgs
models. As implied by the discussion above, the leading
effects are captured by neglecting the explicit breaking of
the Goldstone symmetry due to weak couplings of the
elementary fields to the composite sector. We thus work
in this limit in the following as it simplifies the calcula-
tions, and concentrate on the contributions of pure com-
posite states within minimal SO(5)/SO(4) theories. The
next section contains a brief discussion on the effective
operator basis for SO(5)/SO(4) theories and the role
played by the P;p parity for the h— Zy decay. In
Sec. IIT we compute the effective hZ7y vertex generated
by the tree-level exchange of spin-1 resonances and by the
1-loop exchange of composite fermions. As a byproduct of
our hZ7y calculation we derive in Sec. IV the correction to
the S parameter from loops of pure composite fermions.
We report our numerical results and discuss them in Sec. V.
Useful formulas are collected in Appendices A, B, C, and
D, while Appendix E contains a discussion of different
formalisms commonly adopted to describe fermionic reso-
nances. Finally, in Appendix F we describe how the cal-
culation of the 1-loop contribution to 4 — Z7y from heavy
fermions can be performed in full generality in the basis of
mass eigenstates, without resorting to the approximation
made in the main text.

II. EFFECTIVE LAGRANGIAN FOR SO(5)/S0(4)
COMPOSITE HIGGS MODELS AND
THE ROLE OF P,

The effective Lagrangian for SO(5)/SO(4) composite
Higgs theories was discussed in Ref. [10], where a com-
plete list of four-derivative operators was given in the
formalism of Callan, Coleman, Wess, and Zumino
(CCWZ) [11]. Here we closely follow the notation of
Ref. [10], although we adopt a different operator basis
which is more transparently matched onto the SILH basis
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of Ref. [7]. At O(p?) in the derivative expansion there are
seven independent CP-conserving operators>

2
L= T Trld, d*] + ZciO,-, (2.2)
0, =Tild,d" P, 0, = Tild,d,]Ti[d"*d"],
05 = Til(EL,)* = (E},)*]
Oy = Ti(E};, * E},)ild*, d"]],
3 3
Os = Y Te(T[d,, d,)? — > Tr(T*[d,, d,)>
a;=1 ap=1
2.3)
where d,(m) = di%(m)T*, EL(m) = Ejt(m)T,
ER(m) = Ef(m)T° are the CCWZ  covariant

functions—transforming, respectively, as an adjoint and
gauge fields of SO(4)—of the NG field 7(x) = 7% (x)T?.
Explicitly,

—iUY(m)D,U(m) =d, + EL + ER,  (2.4)
where U(w) = exp (iv27(x)/f). The field strength ELR s
constructed from a commutator of covariant derivatives
V, =9, +i(EL + ER); see Ref. [10] for further details.
Here T9, T are the generators of the unbroken SO(4) ~
SU(2)g X SU(Q2)g, while those of SO(5)/SO(4) are de-
noted as 7¢. The SM electroweak vector bosons weakly
gauge an SU(2); X U(1)y subgroup of SO(5) X U(1)y,
where the U(1)y does not participate in the dynamical
breaking, but is needed to correctly reproduce the hyper-
charges of the SM fermions. It is convenient to define
the tree-level vacuum such that the electroweak group
is fully contained in the unbroken SO(4) X U(1)y, with
Y =T3R + TX. The true vacuum will in general be
misaligned with this direction by an angle 6 due to the
radiatively induced potential of the NG bosons.

The operators in Eq. (2.3) have been conveniently
defined to be even or odd under a parity P;p which
exchanges the SU(2); and SU(2)g comprising the unbro-
ken SO(4). Under P;, the NG bosons transform as
mi(x) = —nimi(x), with ¢ ={1,1, 1, —1}, which im-
plies d% — —n%d%, EL « ER [10]. Ordinary parity is
thus the product P = Py - Py, where Py: (¢, X) — (f, —X)
is the usual spatial inversion. Under P g, the operators O ,

>There are additionally four CP-odd operators that can be
written as

O3 = Ti[(EL Et* = ER ERev)?]
Oy = Ti(EL, = ER )ild*, d"]]

uy =

(2.1)

where E wr = €uppeEP?. In particular 0~4_ contributes to 7 —
Z7y. Although these operators can be included straightforwardly,
in this paper we will focus on the CP-conserving ones for
simplicity.
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and 03+, 4 are even, whereas O3, and Os are odd. Expanding
in the number of NG fields it is easy to match the operators
of Eq. (2.3) with the dimension-6 operators of the SILH
Lagrangian by noticing that

d,~D,H+ "

E,,~A,, + flz[DM(HTiB,,H) —(ue )]+ (2.5

where the gauge fields entering into the field strength
A, and the covariant derivative D, are those of SU(2),, X
U(1)y. From Eq. (2.5) one can see that O5 and O} corre-
spond, respectively, to Oy = Op and Ogw = Ogp. The
leading terms in the expansion of O;, O,, and Os are
instead of dimension 8, meaning that these operators do
not have a counterpart in the SILH Lagrangian of Ref. [7].
The exact relations and the connection between our basis
and that of Ref. [10] are reported in Appendix B. Notice
that there is no operator in Eq. (2.3) corresponding to O,
and O,, since the latter explicitly breaks the SO(5) global
symmetry. It then follows that the only (CP-conserving)
operator which gives an hZy contact coupling is O, :

czy = g*sin?fcy. (2.6)

Notice also that only O7 contributes to the S parameter:

S = —32msin?0cT. 2.7)

Itis not an accident that the 2Zy coupling follows from a
P; g-odd operator. Since the Abelian U(1)yx subgroup fac-
torizes with respect to the nonlinearly realized SO(5), the
photon and Z fields enter into the operators of Eq. (2.3)
only through the weak gauging of the U(1); X U(1)g
subgroup. By formally assigning the transformation rules
Wi < B,, g < g, the P, symmetry is exact even after
turning on the neutral gauge fields. By the above rules, the
Z field is odd while the photon and the Higgs boson are
even under P, p, so that the decay 4 — Z7y can be mediated
only by an odd operator. By the same argument, S is an
even quantity under LR exchange (it is proportional to the
coefficients of the unitary-gauge operator Wf“,B/“’), and it
is consistently induced by the P;-even operator OF .

It is interesting to notice that in the limit of unbroken
SO(5) symmetry the renormalization group (RG) running
of ¢, , as well as that of the coefficient of any o(p*)
odd operator, vanishes due to the P;p parity. While the
effective operators are generated at some high-energy
scale M by the exchange of massive states, the Wilson
coefficients appearing in the expressions of low-energy
observables, like in Eq. (2.6) for the Zy decay rate, must
be evaluated at the typical scale of the process, u <K M.
The running of the Wilson coefficients from M down to u
originates from 1-loop logarithmically divergent diagrams
constructed with O(p?) vertices,
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1672 (2.8)

i) = (M) + 2 log

s

where b; are O(1) numbers. Since, however, P; is an
accidental symmetry of the O(p?) Lagrangian [10], it
follows that there cannot be any running from loops of
NG bosons in the case of P; z-odd operators, i.e. b; = 0.
An RG evolution is in general induced by loops of
transverse vector bosons,* since the weak gauging explic-
itly breaks P,y at the O(p?) level. This is, however, a
subleading electroweak effect which we neglect for sim-
plicity in this paper. One naively expects c;(M) ~ 1/167°
for operators generated at the scale M with an extra
loop suppression, as in the case of O, for a minimally
coupled UV theory. Hence, if the RG running was non-
vanishing, the leading contribution to the Wilson coeffi-
cient could come from long-distance (log-enhanced)
effects rather than from high-energy threshold correc-
tions. For P;p-even operators generated at tree level,
like OF for example, one instead estimates c¢;(M) ~
1/ gi, so that the threshold contribution dominates over

the RG evolution as long as g. < 47 /+/log(M/w).
If P, is an exact invariance of the strong dynamics, then

¢, (M) vanishes for unbroken SO(5). In this case the only
source of P,y breaking stems from the couplings of the
elementary gauge and fermion fields to the strong sector,
and the hZy contact interaction will be suppressed by a
factor (g./g.)%, as in the case of hyy and hgg. We will
thus focus on the case in which the strong dynamics explic-
itly breaks the P, symmetry, so that O, is generated at the
scale M even in the limit of unbroken SO(5). A L R-violating
strong dynamics generically leads to dangerously large cor-
rections to the Zbb vertex [14], but there are special cases
where the LR breaking is communicated to the Zbb coupling
in a suppressed way. For example, it has been pointed out by
the authors of Ref. [15] that if the fermionic resonances form
(only) fundamental representations of SO(5), as in the mini-
mal composite Higgs model MCHMS [16], then P is an
accidental invariance of the lowest derivative fermionic op-
erators relevant for Zbb (small P, p-breaking effects sup-
pressed by m,,/m, are present but can be neglected). In this
case the spin-1 sector of resonances can be maximally LR
violating, and thus generate an unsuppressed hZ7y interac-
tion, without leading to excessively large shifts in the Zbh
coupling. Another possibility is that the sector of fermionic
resonances maximally breaks P, but the shift of Zbb is
suppressed by a small coupling. A minimal realization of
this case can be obtained for example if the spectrum of

*From the viewpoint of the SILH Lagrangian of Ref. [7],
this argument shows that there cannot be any contribution to
the RG evolution of Opy — Oyp and Oy — Op from Oy. In
fact, the authors of Ref. [12] showed that even the combination
Oyw + Opyp is not renormalized by Oy.

For the calculation of the RG running relevant to 7 — vy and
h — Zvy see Refs. [12,13].
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fermionic resonances contains both fundamental and anti-
symmetric representations of SO(5). In the following section
we will provide two explicit models realizing these possibil-
ities and compute the contribution of the resonances to the
h — Zvy decay rate.

III.  — Zy FROM PURE COMPOSITE STATES

We calculate the contribution of pure composite states to
h — Zvy by focusing on the lightest modes and describing
their dynamics by means of a low-energy effective theory.
For our description to be valid we assume that these states
are lighter than the cutoff scale A where other resonances
occur, and that the derivative expansion of the effective
theory is controlled by 9/A. Notice, however, that when-
ever it arises at the 1-loop level, the contribution of the
lightest modes to & — Zvy is parametrically of the same
order as that of the cutoff states. These latter are heavier but
are also expected to be more strongly coupled than the
lighter modes, so that both effects are naively of order
(v/f)?, as shown by Eq. (1.6). In this case our calculation
should be considered as a more quantitative estimate of the
contribution of the strong dynamics rather than a precise
prediction of a model. For a more detailed discussion
about the validity of this effective description we refer
the reader to Ref. [10], whose approach we follow in this
paper (see also Ref. [17]).

In the fermionic sector we assume the existence of linear
elementary-composite couplings, which leads to partial
compositeness [17,18]. We are, however, interested in the
effects of pure composite states, hence in the following we
work at lowest order in the elementary couplings and set
them to zero. Before EWSB the composite states fill mul-
tiplets of the linearly realized subgroup SO(4) X U(1)y ~
SUQ2), X SUR2)g X U(1)y. We will consider spin-1
resonances in the (3,1), and (1,3), representations
(denoted, respectively, p’ and pR®) and fermionic
resonances transforming as (1, 1), (2,2), (1,3), and (3,1)
representations with arbitrary U(1)y assignments.

In the following parts of this section we first derive the
hZvy contact coupling by integrating out the composite
states and matching to the low-energy theory. We will
then illustrate two minimal models where maximal P;p
breaking can occur without generating a large modification
of the Zbb coupling.

A. Tree-level exchange of spin-1 resonances

We begin by considering the contribution from the
tree-level exchange of spin-1 composites.” We follow the
vector formalism where the p transforms nonhomogene-
ously under SO(5) transformations. Neglecting CP-odd
operators for simplicity, the effective Lagrangian for

3See also Ref. [19] for a calculation of the 1-loop contribution
to h — Z7y from vector resonances.
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pL = pit T and p& = pikT can be written as follows
(see Ref. [10] for more details):®

2

1
L=- vy Tr(;f),w;oL“”)Jr2 2 Tr(p,L E)?
+ alLQlL + ar Qs
1 m2
vy Tr(p,w;o’““’)Jr2 ) Tr(py; — EL)

+ a'lRQlR + argOap, (3.2)

where we have neglected subleading terms in the derivative
expansion and have defined

01, = Tr(py,,ild*, d"]),

(3.3)
Q2r = Tr(prMVE;/,V)J r = L, R.

It is straightforward to integrate out the spin-1 resonances
at tree level by using the equations of motion: p, = E,, +
O(p?). One obtains the low-energy Lagrangian (2.3) with

G G5
cCy — < o - Tlo - y

3 2 2L 4g%L 2R 4g%R

L1 3.4
c; = z(am * ajg).

The S parameter receives a correction both from the p
mass terms and from Q,;, Q. [10].” The vertex hZ7y, on
the other hand, follows from the operators Q;;, Oz due to
the p-photon mixing induced by the p mass term:

2
Czy = %sinzﬁ(au — aip). (3.6)

SAt the level of leading terms in the derivative expansion there
are four additional CP-odd operators:

Q r = G#VaﬁTr(p,Z,Vi[da) d,B]))
QZr = G#VaﬂTr(p:wE;B)’ r=LR.

For simplicity we will concentrate on CP-even operators in the
following, although the inclusion of the CP-odd ones is straight-
forward. Notice also that we use a slightly different basis of
operators Q; compared to Ref. [10], so as to match more easily
Wlth the low-energy Lagrangian (2.3).

"The authors of Ref. [20] pointed out that Q»;, O,z modify the
high-energy dependence of the current-current vacuum polar-
izations at tree level and can be made consistent with the UV
behavior of the OPE only if an additional contribution to the
operators O3 exist, Ac; = —(a3, g5 * a3zg3 ). The expres-
sion of the S parameter thus reads [20]

2 1 2
ngL aZL) + (g— - ngRaZR) ]

PR
(3.5)

3.1)

1
S = 47TSiIl29|:(— -

PL

No similar issue arises with Q;, Qz.
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After rotating to the basis of mass eigenstates, p,,, gives a
photon field strength vy ,,,, while d,d, gives ZILG,,h.8 In
this sense the operators Q,, unlike Q5,, give nonminimal
couplings of the photon to neutral particles.

The size of the correction to the 7 — Z7y decay rate
depends on the value of the parameters «,. By assuming
partial UV completion [10], so that the strength of the
interactions mediated by Q,, becomes of order g.=A/f
at the cutoff scale A, one estimates a;, < 1/(g,g.) <
1/ g%. In a minimally coupled theory, on the other hand,
the operators Q,, carry a further loop suppression from
which the more conservative estimate a;, ~ 1/(1672),
and in turn Eq. (1.6), follow.

B. Loops of fermionic resonances

Composite fermions can generate the vertex hZy at
I-loop level. Let us consider for example the case of
fermions transforming as (1,1), (2,2), (1,3), and (3,1)
under SO(4) ~ SU(2); X SU(2)g and with arbitrary com-
mon U(1)y charge. At leading order in the derivative
expansion, the Lagrangian reads

L= ZL(W —m)x, — [luxeydxa

+ dsXeadxas + Gixepdxsy + Hel  (37)

where r runs over all SO(4) representations, {;, {13, {3; are
O(1) complex coefficients, and V,, = 9, + i(E,ﬁ + Eﬁ)
is the covariant derivative on SO(5)/SO(4). By integrating
out the fermions and matching with the low-energy
Lagrangian (2.3), the contribution to ¢; comes from the
1-loop diagram of Fig. 1 plus its crossing, where one has to
sum over all possible representations r, r’.

For a given diagram with fermions in the representa-
tions r and ' of SO(4), the Feynman amplitude can be
expressed as

Mg‘;Ll;/ =N w[rar/]lg[r,r/]lzla;ux(pl’ Pasmy, mr/)’ (3.8)

where p; and p, are the momenta of df; and d,}i, respec-
tively (defined to be flowing into the corresponding

8t is possible to diagonalize the mixing of the p with the
elementary gauge fields by making the field redefinition 5,
— E,, where p transforms as a simple adjoint of S 0(4)
In this mass eigenstate basis the tree-level exchange of p does
not generate an hZ7y vertex, due to the simple fact that no
appropriate Feynman diagrams can be constructed. Instead, the
hZvy interaction arises directly from the contribution to O, that
follows from Q;, after replacing p,, =V[,p,] + E,,
ilp o P, ). This is analogous to what happens for the S parameter
and in fact for any observable at leading order in the derivative
expansion. Indeed, it is easy to check that integrating out the p
by means of the equations of motion generates only O(p®)
operators, i.e. operators with more than four derivatives. This
shows that the Lagrangian written in terms of p must be properly
supplemented with additional four-derivative terms, among
which is O, in order to match the original one [21].
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Eq

Q B b
dy, d,
r

FIG. 1. 1-loop contribution to the Green function <Eﬁ,’,dﬁd,b:)
from composite fermions in the representations r and r’' of
SO4).

vertices), the index a runs over the adjoint of SU(2); X
SU(2)g, and N, is the fermion multiplicity. For example,
for three families of colored fermions (heavy quarks)
one has N, = N.Np =9 (with N, = 3, Ny = 3), while
N, = 12 if there are three additional families of colorless
fermions (i.e. heavy leptons). Here ([, = {E‘r . denotes
the coupling strength of d, with fermions in the repre-
sentations r and r': {[(2,2),(1,1)] =<1, {[(2,2),(1,3)] = {3, and
{22),31] = $1. as in Eq. (3.7). By SO(4) covariance, the
second factor of Eq. (3.8) is proportional to the SO(4)

generator £ .,

a,ab L aga b R
oi] = I 01 o = I,

where the coefficients l[Lr’If,] are reported in Table I for the

,]tg’i, (3.9)

fermion representations under study. The contribution to
c; can be extracted by expanding the loop function /,, v
at first order in the external momenta. It is easy to show
that /,,,,,, is antisymmetric under the exchange {u, p} <
{v, p,}, so there are three possible Lorentz structures at
linear order in the external momenta:

Ia,w = A(m,, mr/)n;u/(pl — Pa
+ B(m,, my)(P1uMva = P2vMpa)
+ C(m,, my)[M,0(p1 + P2)y
~ Nualp1 + p2),]+ O(P?).

The functions A, B, C are logarithmically divergent and
their expression is given in Appendix C. The terms
proportional to A and B renormalize, respectively, the

(3.10)

TABLE 1. Value of the coefficients Z[L R,] defined in Eq. (3.9)

for diagrams with fermions in the (1, 1), (2 2),(1,3)and (3,1) of

SO4) ~ SUQ2);, X SUQ2)g. The coefficients not shown in the
Table are vanishing.

[(22), [(22), [(1,3), [(2,2), (3 1),
[r, 7] (L 1] (1, 3)] (2,2)] 3 1)] 2,2)]
e 1 +3/4 0 —1/4 1
IR 1 ~1/4 1 +3/4 0

[rr]
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operators Oy = Tr[(V,,d,)?] and Og4 = Tr{(V,d*)?],
which contain terms with zero, one, and two E,’s from
the covariant derivative. In fact, the same function Lopy
accounts for the 1-loop contribution to the three-point
Green function (Jgdﬁd,’%}, where J¢ is the SO(4) con-
served current [see Eq. (D3)]. It is thus subject to the
Ward identity

G (D) = Guu(P3).
,(p?) is the d, self-energy:

i(p1 + p2)*lapy = (3.11)

where G,
(i dDlamp = 877G, (p?)
= 8909, Mo(p?) + 870 p,p, T (p?). (3.12)
From Eq. (3.11) it follows that
A(m,, mp) =115(0),  B(m,,m,) =

I1,(0). (3.13)

We have checked these identities by explicitly computing
the self-energy G,,. The coefficients of the operators
04, Oy are given by

Cqy1 = _ZA(mrr m /)(l[r "] + lfer r/])lg[r,r’]lzy
3.14)
Car = 723(’";': mg )(l[r ] + lfer r,])lf[,,,/]lz,

where the sums are over all possible fermion representa-
tions r, ' contributing to the 1-loop diagram of Fig. 1.°
Neither of the operators Oy, O, contributes to h — Zy:
O, can be redefined away in terms of higher-derivative
operators by using the equations of motion V,d* = 0,
while O, can be rewritten as

Tr[(v,udy)z] = Odl

1 1 1
= ETI'[F%“,] _—0; +Z(02 -

5 0,), (3.15)

and thus contributes to the S parameter. We will discuss
this further in the next section, where we perform a
detailed calculation of S.

Finally, the term proportional to C in Eq. (3.10) renorm-
alizes the operator Tr[E,,d"*d”] and thus contributes to
c; - We find:

ZCm m)(f g = IR NGl (3.16)

Using the coefficients of Table I and Egs. (C3) and (2.6),
one can derive the fermionic contribution to the hZvy

Notice that the expressions of ¢;; and ¢, are LR symmetric,
as required since the operators O, O, are even under P, ;. The
corresponding LR-odd combinations vanish because the func-
tions A(m,, m,), B(m,, m,) are symmetric under the exchange
r < r and due to the sum rule (3.17).
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vertex. In particular, in a theory with composite fermions
only in the (1, 1) and (2, 2) representations, the contribution
to ¢, (hence to ¢z, ) vanishes identically, since l[L(z,z), an =
lﬁz,z),(1,1>] and l[L(’11,e1),(2,2)] = 0. This is expected, since the
fermionic sector in this case possesses an accidental P;p
invariance. When fermions in the (1,3) and (3,1) are
present, however, the contribution to c¢; is nonvanishing
provided P;  is broken either by the couplings ({13 # {31)
or in the spectrum (mq 3y # m 1))

It is interesting to notice that although the function C is
logarithmically divergent, the contribution to ¢, from
Eq. (3.16) is finite, since the coefficients l[Lr”If,] satisfy the
sum rule

L _ JR
(Ut = 1

)+ b — 18 ) =0 forany r,r. (3.17)
This identity can be directly checked on the coefficients
of Table I, and a simple argument shows that it holds in
general for any pair (r, r’). The proof goes as follows.
When computing the 1-loop diagram of Fig. 1, it is useful
to treat £, and d,, as external backgrounds coupled to the
fermions. Let us then turn on E, along the diagonal
U(1); 1 subgroup of SO(4) ~ SU(2); X SU(2)g, under
which d, = id? has charge *1 and d;, and dj have
charge 0. By charge conservation there are only two
possible diagrams (plus their crossings) as in Fig. 1: one
with d}, and d} at the two lower vertices, the other with
d;, and d}. Since dj;>* are odd while d}, is even under
Py, the second diagram contributes to O, , while the first
renormalizes O .'° We thus concentrate on the diagram
with didi and notice that the fermions circulating in the
loop must all have the same U(1); . charge. Let )\?j and
/\?j be the coupling strengths of two same-charge fermi-
ons i and j, respectively, to d5, and d}, (in the fermions’
mass eigenbasis). For a given diagram with fermions i
and j in the loop, the log-divergent part is thus propor-
tional to (A};A%). Due to the antisymmetry of the loop
function, Ia,u,v(pl» P2, m;, m}) = _Ion,u(pQ’ P, m; mj)a
the log-divergent part of the crossed diagram is instead
proportional to —(A};A3). The sum then vanishes after
summing over all fermions i, j with the same charge. This
proves that there is no log-divergent contribution to ¢,
from 1-loop fermion diagrams, hence the sum rule (3.17)
must hold for any pair of SO(4) representations (r, r').
In general, a logarithmic divergence log (A/m) is associ-
ated with the running of a Wilson coefficient from the

A more direct way to see this is the following: the SO(4)
generators satisfy t§4 == tgﬁ, t?é = t?g, which implies O, =
—it Bty — R ES)dLd) D vy, dudy,  OF = =it Ey +
t;%E‘;ﬁ,)dﬁd’; D v,,d,d} in the background v, = E3f = E3R.
In terms of physical fields, O, contains a term y**(d,h)Z,,
while O; contains y**W W, .

PHYSICAL REVIEW D 88, 075019 (2013)
kg

a b
d# dz/

FIG. 2. ) Mixed rho-fermion contribution to the Green function
(E4.d?%db) which arises at the 1-loop level.

cutoff scale A down to the fermion mass scale m. The
above argument thus shows that there is no RG running
of ¢, induced by 1-loop diagrams of fermions above
their mass scale, while such running is present in general
for ¢ .

So far we have considered 1-loop diagrams with only
composite fermions. There are also diagrams where both
fermions and spin-1 resonances can circulate. At the 1-loop
level, however, p“® can only appear external to the loop
due to the mixing with E, from its mass term and a
coupling to the fermions of the form

%Py — EY X, (3.18)

The corresponding diagram is shown in Fig. 2. It is easy
to see that its contribution to ¢, vanishes at leading order:
integrating out the p through the equations of motion
generates only four-fermion operators, which in turn do
not contribute at the 1-loop level. In general, the tree-level
exchange of the p in the diagram of Fig. 2 leads to a
form-factor correction to the vertex of E, with the fer-
mionic current. For ¢* = (p; + p,)* < m3, such a form
factor correction is of order g*/ m% and is thus suppressed
compared to the direct interaction from the fermions’
kinetic terms.

C. Two models

We have already alluded to the fact that a generic
P p-violating strong dynamics can lead to unacceptably
large corrections to the Zbb vertex [14]. Here we sketch
two simple models where the breaking of P,y is commu-
nicated to the Zbb vertex in a suppressed way, such that
a sizable correction to & — Zvy is phenomenologically
allowed.

1. Model 1

In the first model, which is a low-energy simplified
version of the MCHMS [16], the composite fermions fill
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two fundamental representations of SO(5), with U(1)y
charge +2/3 and —1/3, respectively:

Xs = (1, 1)y3 +(2,2)3

=11 +(2,2 G-19
X5 {1, )—1/3 2, )—1/3-

The spectrum of composite states also includes a pl and
pR, while we omit for simplicity spin-1 states transforming
as bifundamentals of SU(2);, X SU(2)g. The Lagrangian
can be written as L = Lyep + Logmp + Liix, Where
Lgem describes the elementary fields in isolation and
the expression of the composite Lagrangian Loy, is as
in Egs. (3.2) and (3.7). The term L,;, accounts for the
mixing of the elementary to composite fermions:

Lmix = Aq‘iLPq U(W)XS + /\;qLPq U(ﬂ-)/\/lj
+ M igPU(m) x5 + ApbpPpU(m) x5 + Hee,, (3.20)

where P, ,;, project out the components of the composite
fields with the electroweak quantum numbers of the corre-
sponding elementary fields. The P; p invariance is taken to
be maximally violated in the spin-1 sector, but is acciden-
tally preserved in the fermion sector. If A}, < A, then the
Zbb coupling is protected from large corrections since for
A, = 0 there is no operator at leading order in the deriva-
tive expansion which can modify it [15]. A small A}/A,
can in fact naturally arise from the RG running of the
full theory and explain the hierarchy between the top and
bottom masses if A; =~ A, [16]. We note in passing that at
tree level the correction to Zbb from a pK is always
vanishing at leading order in the derivative expansion,
as can be easily checked by using the equations of
motion p, = E, + O(p®) in Eq. (3.18). This is because
the shift induced by the exchange of the p is exactly
compensated by the additional interaction yy*E,x =
,\"@/"(HUIHDMH +---)y required by SO(5) invariance
and included in the term of Eq. (3.18). A nonvanishing
Zbb will, however, arise in general at the 1-loop level in the
absence of a symmetry protection. In the model under
consideration such a protection comes from the accidental
P; r symmetry of the fermionic sector, which also implies
that the vertex hZy in this case is generated only by the p
exchange; the value of ¢, is thus given by Eq. (3.6).

2. Model 2

In the second model the composite fermions fill one
fundamental plus one antisymmetric representation of
SO(5), with U(1)y charge +2/3 and —1/3, respectively:

Xs = (1, 1)y/3 +(2,2)y3

(3.21)
Xio=(22) 15+ 1L3)_ 15+ G 1Dy

As before, the Lagrangian can be divided into an elemen-
tary and a composite part plus a mixing term

PHYSICAL REVIEW D 88, 075019 (2013)
Loy = A1q,P,U(m) x10 + A3G,LP,U() x5
+ N1z PU(m) x10 + A TP, U(7) x5

+ ApbrP,U(7) x 10 + Hoc. (3.22)

In this case the fermionic sector is not in general P;p
invariant, so both loops of composite fermions and the
tree-level exchange of the p can contribute to generate
the hZvy vertex. Using Eqgs. (3.6), (3.16), and (2.6) we find

g2
Czy = Tsinzﬁ(am —ag)

2
8 .
+ ZNXSIH 260[1£151*(C(ma2), my3))

= C(m3), may)) = 1411(Clmz), ma )

— C(mz1), ma2)) ] (3.23)

The shift to Zbb is suppressed for ALY small, since no effect
can arise from the P;p-preserving coupling AZ [14]. As
before, a small A;°/A; can arise naturally from the RG
flow of the full theory, and can explain the hierarchy
between the top and bottom masses if A!0 << A =~ A,.

IV. S PARAMETER FROM LOOPS
OF FERMIONIC RESONANCES

In the previous section we have seen that loops of
composite fermions generate the operator O, through
the triangle diagram of Fig. 1; the value of the correspond-
ing coefficient ¢, is given by Eq. (3.14). Since Oy can be
rewritten in terms of OF as in Eq. (3.15), it contributes to
the S parameter. As implied by the Ward identity (3.11),
the same contribution to c,, hence to S, can be derived by
considering the (d,d,) self-energy diagram shown on the
left of Fig. 3, where two different SO(4) representations of
fermions circulate in the loop. There is, however, an addi-
tional direct contribution to O3 which comes from the
(E,E,) self-energy diagram shown on the right of Fig. 3,
where a single fermion representation r appears in the
loop. Summing over r, we find

_ Ny

5 =-2)(CLLr] = CrlrDA(m,, m,),

5 @.1)

where for the fundamental representation C,[(2,2)] =
Crl(2,2)] = 1, for the adjoint Cgx[(1,3)] = C,[(3, 1)] = 2

FIG. 3. 1-loop diagrams contributing to the (d,d,) (left) and
(E,E,) (right) self-energies.
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and Cr[(1,3)] = Ck[(3,1)] = 0, while C;¢[(1,1)]=0.
The total contribution to the S parameter from loops of
composite fermions is thus

AS = —47TNXsin29[Z(CL[r] + ColrDAGm,, m,)

= S € A ) | “2)

where we have conveniently defined C[r, r'] = (1/2) X

(l[L,’,/] + lR 1+ lL )+ lfr,’r]) and used the fact that the

function A(m,,m ,) is symmetric in its arguments. For
example, in the first model discussed in Sec. IIIC with
fermions in the (1, 1) and (2, 2) of SO(4) one has

AS=—-87N SiH29(A(m(2 2 ma2) — 141 1PA(mg 2y, m 1)
2N

A2
=T X (1 -1y |2)10g( )+f1n1te terms,

3 (4.3)

where in the second expression 7 denotes an average mass
and the finite terms include the proper ratios of fermion

masses. In the second model with fermions in the (2, 2),
(1, 3), and (3, 1) we find

AS = —87TNXSiI129|:A(m(2,2), m(z’z)) + A(M(&l), m(3,1))
3 2
+ Alma), may) = 51l Alme ), ma )

3
-= |§31 |2A(m(2,2): m(s,n)]

I N A2
el ~ g ()
+ finite terms. (4.4)

From Egs. (4.2), (4.3), and (4.4) one can see that the S
parameter is in general logarithmically divergent, as ex-
pected on dimensional grounds. The coefficient of the log
can be either positive or negative depending on the value of
the parameters {. Analogous results were first obtained
in the context of technicolor theories in Ref. [22] and
later rederived for SO(4)/SO(3) Higgsless models by
Ref. [23]. More recently, the case of SO(5)/SO(4) com-
posite Higgs theories has been discussed in Ref. [24]."
simple way to understand why the log divergence vanishes

""The same results hold in five-dimensional holographic Higgs
models. This can be most easily shown by solving the bulk
dynamics and deriving the holographic action on the boundary
where the elementary fields live; see for example Ref. [25]. In
the absence of boundary terms, the 4D holographic action for the
fermions has the CCWZ form with { = 1. This is indeed the
reason why previous 1-loop calculations in the context of 5D
models found a finite S parameter; see for example Ref. [26].
Values { # 1 can be obtained by introducing the boundary term
F, a Tyt i, since by using the equations of motion in the bulk
it follows F“ o d“ ().
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Xr

Ja

® _ — =

Xr
FIG. 4. Two-particle contribution to the spectral function of
unbroken (upper row) and broken (lower row) currents from the

composite fermions. The dashed line denotes the propagator of a
NG boson.

if the parameters { are equal to 1 is by noticing that in this
limit the Lagrangian (3.7) can be rewritten, through a field
redefinition, as the Lagrangian of a two-site model where
the Higgs couplings to the composite fermions are non-
derivative.'” This implies, by simple inspection of the
relevant 1-loop diagrams, that the S parameter is finite in
this case. For completeness we report in Appendix E a
short discussion on the connection between the CCWZ
Lagrangian (3.7) and that of the two-site model.

The fact that the overall sign of S is controlled by
the coefficients ¢ and can be negative is more clearly
understood by considering the dispersion relation
obeyed by § [20]:

d
S = 4arsin?6 [TS[pLL(S) + pre(s) — 2ppp(s)],  (4.5)

where p;;, prr and ppp are the spectral functions,
respectively, of two unbroken [SU(2); and SU(2)g]
and broken [SO(5)/SO(4)] conserved currents of the
strong sector. The definition of the spectral function
p(s) and the expression of the currents is reported in
Appendix D for completeness. From Eq. (4.5) and from
the positivity of each individual spectral function, it is
clear that a negative S can occur if pgp is sufficiently
large. The leading contribution of the fermions to the
spectral functions can be easily computed from the
diagrams shown in Fig. 4. We find

prirr(q?) = 27 ZZCLR[”])\(CI m,, m,),

(4.6)

14l Clr, PIMg? m,, my),

2y =
ps(q°) 2477_2”/

'2The same observation was recently made by Ref. [24].

075019-9



AZATOV et al.

PHYSICAL REVIEW D 88, 075019 (2013)

—————————————————————————— 25F--- = Se
f =500 GeV é 1 30‘0;’;\5/
0.1<r<25 : R
f =800 GeV 20l ./ =800GeV
0.1<r<25 0l<r<25
1 E !
£3 S T ——————N_—_——TF
= >
= N
o T
<
DS = 10
e
e ‘ ‘
‘ w 0.5 m- - _zagl PFE--- -
! i i d Rescaling tree—level
-4 -”"””*:'””'”‘*'””””'””*:L *************** couplings gy = v2/f>
; : 0.0 : ' ! : :
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
om/m om/m

FIG. 5 (color online).

top

Left: shift of the h — Zy decay amplitude in units of the SM top contribution, 5A/ Agyp» in the second model of

Sec. IIIC as a function of the LR mass splitting. Right: total decay rate of 4 — Zv normalized to its SM value, I'/T'gy;, in the same
model. The left plot assumes one family of colored fermions (N, = 3), while the right plot assumes three degenerate families of
composites (N, = 9). The horizontal lines indicate the value obtained by including only the effect of the modified tree-level Higgs

couplings.

where we have defined

— , 2
/\(qz, mr, mr/) = (1 _ (mr qzmr) )(1 .

2 _ 2\, 2
x\/<1+—m’ zm") —42
q q

By inserting these expressions into the dispersion
relation (4.5), one reobtains the result of Eq. (4.2).
Since ppp is proportional to |{,|%, it is clear that
for sufficiently large |[{j,,| the S parameter will
become negative.

(mr + m,/)2>
24>

4.7)

V. NUMERICAL RESULTS AND DISCUSSION

In this paper we have focused on the virtual effects due
to purely composite states. The Higgs decay rate to Zy and
the S parameter are two low-energy observables extremely
sensitive to such effects.? It is well know that the tree-level
contribution to S from spin-1 resonances is large and poses
tight constraints on the scale of compositeness. We have
seen that the exchange of p’ and p® generates the effective
interaction hZvy also at tree level, provided their masses
and couplings are not P;p symmetric. This leads to a
correction to the h — Zv decay rate that is potentially
larger than that due to the O(v?/f?) shifts in the tree-level
Higgs couplings from the nonlinear o-model Lagrangian.
This is the case unless the coefficients of the operators Q ;.
and Qr are loop suppressed, as happens for example in
Holographic Higgs theories. The contribution from fermi-
onic resonances arises at the 1-loop level, and can be

BWe are particularly grateful to John Terning for drawing our
attention to the possibility of correlation between these two
effects.

numerically large. The main reason for this is that loops
of pure composites are sensitive to the multiplicity of states
arising from the strong dynamics. In particular all the
composite fermion species, including the partners of SM
light quarks and leptons, will circulate in the loop regard-
less of how strongly mixed with the elementary fermions
they are. The multiplicity factor N, can then partly com-
pensate for the 1-loop suppression, giving large shifts to
both the § parameter and the 7 — Zvy rate.'*

To illustrate the size of the effects we have been discus-
sing, the left plot of Fig. 5 shows the shift to the 7 — Zvy
decay amplitude in units of the SM top contribution,
8A/AgY, due to one family of colored fermions (composite
quarks) transforming as a 10 + 5 of SO(5) (second model
of Sec. IIIC with N, = 3). As discussed in Sec. IIIB,
the correction comes entirely from the 10, hence the rele-
vant parameters are the following: the scale of composite-
ness f, the coefficients (|3, {31, and two ratios of masses
which we conveniently define to be ém/m = (mq) —
m3)/(mayy + maz) and r=mpy/(may + maa).
For simplicity we fix {;3 = {33 = 1, so that the amount
of P,y breaking is fully controlled by 6m/m. The plot
shows the relative shift SA/Agy as a function of &m/m
for two representative values f = 500 GeV and f =
800 GeV. The red and blue bands are obtained by varying
r in the interval 0.1 < r < 2.5. By rescaling {53 and {3; by

“One might worry that a large multiplicity factor N  could
invalidate the perturbative expansion. However, the light Higgs
mass already indicates that composite fermions must be some-
what more weakly coupled than other resonances; see for ex-
ample Refs. [27,28]. With ~1 TeV fermion masses and
f = 500-800 GeV, for example, the coupling strength g, =
M/f is sufficiently small to allow a perturbative expansion
controlled by the loop parameter N, (g2/1672).
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a common factor £, 5A goes like /2, though even without
such an enhancement we see that shifts of several times
the SM top amplitude are possible for large mass splittings.
The right plot of Fig. 5 shows the total decay rate normal-
ized to its SM value, this time for three degenerate families
of colored fermions (second model of Sec. IIIC with
N, = 9). The horizontal lines indicate the value obtained
by including only the effect of the modified tree-level
Higgs couplings discussed above. Since in the SM the W
loop contribution largely dominates that of the top quark,
the effect from the modified tree-level couplings is a
suppression of the decay rate by a factor (gyw,/gwwn)* =
(1 — v?/f?). The correction from the 1-loop exchange of
composite fermions is included in addition to this effect,
and can further suppress or enhance the decay rate depend-
ing on the sign of the mass splitting 6m/m.

It is interesting to derive the contribution to the S pa-
rameter in this model and analyze the impact of a sizable
correction to the 7 — Zvy decay rate on the EWPT. This is
illustrated by Fig. 6 in the (S, T) plane.'> The plot shows
the region spanned by varying f and { = {3 = {31 = {1
due to the IR correction to S and T from modified Higgs
couplings and to the 1-loop correction to S from three
degenerate families of composite fermions [Eqgs. (4.3) and
(4.4) with N, =9]. We have fixed the cutoff scale to
A =5 TeV and have chosen the following spectrum of
composite masses: mg ) = 1.5 TeV, mp, = 2.0 TeV,
m@aq) = 3.4 TeV, mq3 = 1.0 TeV, so that r = 0.45 and
dm/m = 0.55. Even in the absence of additional contri-
butions to 7, the correction to S from loops of composite
fermions can compensate the shift due to the modified
couplings of the Higgs to the SM vector bosons and bring
the theory point back into the 95% probability contour.
For example, for f = 800 GeV [i.e. (v/f)? = 0.09)] one
has AS =~ 0.83(1 — £?) from composite fermions, so that
{ ~ 1.1 gives AS ~ —0.2 as required to offset the IR shift.
Correspondingly, the correction to the h — Zy rate is
sizable and of order 70% of the SM value. In general, the
1-loop contribution to S is large and only values { = 1 are
viable. The fact that EWPT select a narrow range of { is
directly relevant for the experimental searches of the
fermionic resonances, since { controls their single produc-
tion [28].'° The exact allowed range depends, however,
on possible additional contributions to S and 7. For ex-
ample, for g, = 3 and f = 800 GeV the contribution to §
from a p% is AS ~0.13 [see Eq. (3.5)], which increases
the preferred value of ¢ by only 5%-10%, which in
turn corresponds to an increase of the & — Zvy rate by
10%—-20%.

!>The probability contours have been derived by using the fit on
(S, T) performed by the GFitter Collaboration [29]. Similar
results are obtained by using the more recent analysis of
Ref. [30].

'*We thank Minho Son for drawing our attention to this point.
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FIG. 6 (color online). Region spanned in the plane (S, 7) when
varying f and { = {;3 = {31 = {j; in the second model of
Sec. IIIC, as due to AS from loops of composite fermions and
to the IR correction to S and T from modified Higgs couplings.
The green (inner) and yellow (outer) areas indicate the regions
with 68% and 95% probability [29]. Dashed (solid black) lines
indicate the trajectories of fixed f (). The thicker solid red lines
indicate the isocurves of constant # — Zvy decay amplitude.

The tuning required to comply with the EW precision
tests can be alleviated if an additional positive contribution
to T is present. This can arise from loops of fermionic
resonances, as recently discussed in Ref. [24]; see also
Ref. [31]. Unlike the S parameter, however, T is generated
only if the custodial invariance of the strong dynamics is
broken, and therefore no correction can come from purely
composite states. In theories with partial compositeness
and flavor anarchy of the strong sector, the leading con-
tribution arises from loops of elementary top quarks. For
example, if rz mixes with a composite singlet of SU(2); X
SU(2)g, as in model 1 of Sec. I C, the only breaking of
custodial symmetry in the fermionic sector comes from A,,.
As a spurion analysis shows [7], one needs four powers of
A, to generate T, which implies a finite result (i.e. inde-
pendent of the cutoff scale A). A subleading contribution
comes from loops of spin-1 resonances and elementary
hypercharge vector bosons. In this case the breaking of
custodial symmetry comes from the hypercharge coupling,
and two powers of g’ are sufficient to generate 7. Table II
summarizes the naive estimates of the corrections to
S = (aey/4sin20y)S and T = a,,T. As before,
g« ~ M/f ~ g, denotes the coupling strength of the com-
posite states and M their mass scale. The first two lines
show the corrections discussed above that arise from the
exchange of composite fermions and spin-1 resonances.
These are short-distance effects at the scale M, which in the
language of the Higgs effective Lagrangian correspond to
threshold corrections to the Wilson coefficients ¢y, + cp
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TABLE II. Naive estimates of the UV corrections (from com-
posite fermions y and spin-1 resonances p) and IR corrections
(from NG bosons and the top quark) to S = (@, /4sin20y)S
and T = aenT.

AS AT
v " “ﬁ;fv(fz 2(3) ;Vlgr(fﬁ/\
P 7N\ i (7)0e ()
IR NOP i (72) 102 () it () 102 ()
droe(t)  Neo()gt o

<
N\N

top

iz (¢

and c7; see Ref. [6]. There are, however, additional con-
tributions which are generated by the exchange of light
SM fields below M and are thus associated with the RG
evolution of the Wilson coefficients down to IR scales
M = my. The largest corrections arise from loops of NG
bosons (i.e. longitudinally polarized W and Z and the
Higgs boson) and of top quarks, and correspond to the
RG evolution of ¢y + ¢ and ¢; due to ¢y and ¢y,
respectively [6]. Their naive estimates are reported in
the last two lines of Table II. Loops of transverse gauge
bosons also lead to IR corrections which are subleading.
For example, as recently pointed out by the authors of
Ref. [32], 1-loop diagrams featuring one insertion of the
effective hZvy vertex (induced by the operator Oy — Oyp)
give a correction to the S parameter of order

2 2
85~ (i) (7))
1672) \f? n
Although directly linked to & — Zv, this is a 2-loop EW
effect which is parametrically subleading compared to
other IR effects and numerically smaller than the UV
corrections from pure composite fermions (see Table II).

We briefly summarize our findings with the following

conclusions.

(i) The decay mode h — Zvy, unlike other loop-
mediated processes of a Nambu-Goldstone compos-
ite Higgs boson, is subject to NP corrections that are
not suppressed by the Goldstone symmetry itself.
While new contributions to the 2gg and h7y7y contact
interactions of the effective Lagrangian are typically
(and observably) small, a highly nonstandard hZvy
interaction is possible and consistent with the
symmetry that is assumed to be responsible for
stabilizing the weak scale.

(i) Generating a large hZ7 interaction in the absence of

significant breaking of the Goldstone symmetry
relies on the intervention of states arising from a
strong sector that breaks a left-right symmetry, P; .
Provided this breaking is mediated in a suppressed
way to the Zbb coupling, as in the case of the
models presented above, enhancements of 7 — Zvy
remain phenomenologically viable.

(5.1
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(iii) There are two operators contributing to the §
parameter that are closely related to those govern-
ing h — Zv, and a naive prediction would be for a
tight correlation between these two observables.
However, the composite Higgs boson can couple
to fermions through interactions that contribute
only to the two-point function of two broken
currents, allowing an offsetting (negative) contri-
bution to § such that again the viability of large
corrections in & — Zvy is retained.
In this paper we have highlighted the anatomy of the
h — Zv channel, one in which a composite Higgs boson
might naturally interact in a novel way that could help shed
light on its origins in the absence of other, more obvious,
clues. As such, this channel deserves our full attention in
the continuation of Higgs study at the LHC.

ACKNOWLEDGMENTS

We would like to thank David Marzocca, Riccardo
Rattazzi, Slava Rychkov, Marco Serone, Minho Son,
John Terning, and Enrico Trincherini for useful discus-
sions. We also thank Leandro Da Rold and Eduardo
Pont6n for pointing out a few typos in the first version of
the paper. The work of A.A., R.C,, and J. G. was partly
supported by the ERC Advanced Grant No. 267985
Electroweak Symmetry Breaking, Flavour and Dark
Matter: One Solution for Three Mysteries (DaMeSyFla).

APPENDIX A: FORMULAS FOR THE
h — Zy DECAY RATE

We collect here the formulas useful for the calculation of
the decay rate 7 — Zv. The partial width is given by

3 2
T(h— Zy) = ﬂ(l ’"Z) AR (AD)
m

327

where A is the total decay amplitude. The SM contribution
arises from loops of W vector bosons and fermions:

Asm = Ap T Ay,
(T?L - ZQfSIHZHW)

o
A —_ _ em N )
F p ; ot Qs sin By, cos By
X [1(7p, Ap) = L(7p Ap)],
Ay = {4(3 — tan?0y) L (1w, Aw)

27
2 2
+ [(1 + —)tan2t9W - (5 + —>]11(Tw, Aw)},
Tw Tw

(A2)

where N, and Q; are, respectively, the number of color

and the electromagnetic charge of the fermion f, and we
have defined
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4m?> 4m3
= m—zf A=
h z (A3)
4m3, 4m3,
Tw = m%l , AW = m%
The loop functions are equal to
ab a*b?
(@, b) = 3 5 (@) = £(0)
a*b
+ m(g(a) —g(0)),
ab
Ia, b) = — 2a—b) (f(a) = f(b)), (A4)

) = V7 — larcsin (1/4/7), T=1,
S VT A og (na /) — il <1,

r) = [arcsin (1/4/7)T%,
~ log (. /n.) — i,

T=1,

T<l1,

where .- = (1 = /1 — 7). In the limit in which the new
physics effect can be parametrized by the effective
Lagrangian of Eq. (1.3), the contribution to the decay
amplitude is given by

ANP = _ZCZ’}" (AS)

Numerically evaluating the SM contribution one finally
obtains [6]

I'(h— Zy) 47 2
7Y L4001 — T
I'(h— Zy)sm e €OS 6, Czy
4
~1+002—7 (A6)

——Cy,.
Qe €08 0,, 7

APPENDIX B: RELATION BETWEEN
DIFFERENT BASES OF OPERATORS

In this appendix we discuss the relations between our
basis of operators (2.3) and those adopted in Ref. [10] (the
CMPR basis for short) and Ref. [7] (the SILH Lagrangian).

The CMPR list of CP-even operators is given by

@3 = Tr[(Ef.LV)Z - (E,LR;,V)Z])
O; = T(fy, = fiuila", dT)

0 =Ti(fu,)?), 05 =Tid(f},)* — (5,

(B1)
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plus other two operators, @, = O, and O, = O,, whose
expansion in terms of NG bosons starts at dimension 8.
Here fL} and f,, are the dressed field strengths along
the SU(2); X SU(2)g and SO(5)/SO(4) directions [10].
We can relate the CMPR set to our basis by using the
identity

(B2)

L R _— L R .
nv + fp,v - E,LLV + E,uv + l[d,u.r dvl

which holds for SO(5)/S0O(4). We find

@3=03_,
+ 1 1 - -
0; =0, _502 +§Olr O, =0, = 0s,
1 1

O =07 +207 +§01 —502, O; =05 +20; — Os.
(B3)

The advantage of our basis over the CMPR one is that the
connection to the SILH Lagrangian is more straightfor-
ward, since only four operators start at dimension 6 when
expanded in powers of the NG bosons. Also, only one
operator gives an hZvy contact interaction.

At the dimension-6 level, the connection between our
operators and those of the SILH Lagrangian is given by

af? .

— 208 = Opw = Opp + -

; (B4)
__203i=OinB+”',

My

where the dots stand for dimension-8 terms. The SILH
operators are defined in Egs. (1.1) and (1.2).

APPENDIX C: LOOP FUNCTIONS

We collect here the expression of the loop functions
A(m,, my), B(m,, m,), C(m,, m,) defined in Eq. (3.10):

mymp(—4m,m, + 3m% + 3m?)

1 A4
A y 7)) = _1
(. mp) M#[ %@%9

n? — )2
6m>m’, — 3m2m>(m% + m?) + mb + m®) log (m%/m?
| (6mim] ’(Qz)wr >g(/»} n
m? — m%)’
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1 1 m? 7
B(m,, m,) = 247 2~ ) I:Zm‘r‘,(mf, —3m?)log (A—;) —2m}(m? — 3m?%)log (%) —Tmim? + TmZm?, — mS + m$ ]
(C2)
c _ ! : 2y + 3ms — 2 — 3mdm tog (™2 + 2, (—6min + I
(m,, my) = 241 (m? — m?)? Bmimy + 3m,m?, — 2m>, — 3m;)m’, log A2 m,(—6m;m?, + 3mym’,
2
+3m,m?, — 3m3, + 2m7) log (%) + (m? — m?)(=6mim, — 3mim? + 6m,m>, + m?, + 4m‘,‘)i|. (C3)

Unlike C(m,, m,), the functions A(m,, m,.) and B(m,, m,)
are symmetric in their arguments, as can be easily verified
by inspection. The effective vertex hZ7y is proportional to
the antisymmetric combination [see for example Eq. (3.23)]

C(mr, mr’) - C(mr’: mr)
1 1

=82 I:(m% = m%)(—=4m,m, + m% + m?)
r r

: (C4)

/

2
m
+ 2m,my(—m,m, + m? + m?)log (mr)]’

r

which is finite (i.e. cutoff independent) as expected by the
argument of Sec. I1I B.

APPENDIX D: SPECTRAL FUNCTIONS
AND SO(5) CURRENTS

For completeness we report here the definition of the
spectral function of two currents. One has

pur(@) = Y89 (q = p,){O1J,(0)n)nlJ,(0)]0),

n

(D1

where the sum is over a complete set of states. By Lorentz
covariance,

pu(q) = 0(¢°)q,q, — MuvgPp(@?).,  (D2)

1
(2m)}
where p(g?) is the spectral function.

At leading order in the number of fields and derivatives,
the expression of the SO(5) conserved currents is (we show
for simplicity only terms involving the NG bosons and the
fermions)

JZZZX/r’yMTaXr—i_H" a=darp,dg,
P

Jﬁ = 6#7T‘7 - Z(g[r,r']X/ryﬂTer’ + HC) + -

r,r

5~

(D3)

APPENDIX E: TWO-SITE VS CCWZ
FERMIONIC LAGRANGIAN

In this appendix we briefly discuss the relation between
the description of the fermion interactions in the CCWZ

approach and the so-called “two-site”” model Lagrangian
(see for example Ref. [17]) where fermions couple to the
Higgs boson only through (nonderivative) Yukawa terms.

In the general case, the CCWZ Lagrangian of composite
fermions is written at leading order in the derivative
expansion as

L= Z/?r(lv - mr)/\/r - Zg[r,r’]/?rd/\/;’ (E1)

where the sums run over all possible representations r, ' of
the unbroken subgroup JH . If the composite fermions can
be arranged into complete multiplets of the global group G
(which occurs if G is linearly realized at high energy) and
all the parameters ([, are equal to 1, it is easy to show
that the Lagrangian (E1) can be rewritten in terms of a
“two-site” Lagrangian by means of a field redefinition
(see also Ref. [24]). In this limit, Eq. (E1) becomes

L = §y*iD, + U(m)tiD, U(m))

where = (xy, x2...) denotes the (possibly reducible)
representation of G, and P, is a projector on the represen-
tation r of FH, that is, P, - = x,. Also, we have used
the fact that d, + E, = —iU(W)*DMU(W). We then
perform the field redefinition ¥ = U, so that ¥ trans-
forms linearly under G: ¥ — gW. The Lagrangian can be
reexpressed as

L =Yy D, ¥ — > m,(P, - UmIW)(P, - UmW)

(E3)

so that the Higgs interactions with fermions now come
entirely from the second term and are of nonderivative
type.

As an illustrative example, it is instructive to consider
the SO(5)/SO(4) case in which the composite fermions fill
a 10 of SO(5), where 10 = (1,3) + (3,1) + (2,2) under
SU(2); X SU(2)g. The field redefinition in this case reads
Wiy = U(m) i oU(m)T, where 19 = (x22) X130 XG.1)
and both ¥, and ¢ |, are conveniently described in 5 X 5
matrix notation. After the field redefinition, the Lagrangian
reads

075019-14
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L=TdWif W1o] = m Te{¥y VW]
— (mga) —m)THl(Pa) - UT W10 U) (P - UTW,U)]
—m_Ti{(P ) UTW,U)(Ps,1) - UTW,U)
— (P13  UTW 0 U) (P15 UTW,U)],

(E4)

where we have defined m. = (m@gy) * m3))/2. The
action of the projectors P ), P(;3), and Py on an
element of the algebra M is defined as

Py - M =Y TITiTM],
a

Py - M= YT TT%M],

ar

Py - M =Y T T T*M].

ag

(E5)

The term in the second line of Eq. (E4) can be more con-
veniently rewritten in terms of the field ® = U(7)®,,
where @, = (0,0,0,0, 1), by using identities between
SO(5) generators. One has

Tt{(Pa) - UTW0U)(Pga) - UTW,U)]
= > TTUt ¥, UITH T Ut W U]

= 22U W yU)ss = 20T W, ®,  (E6)

where in the first equality we have made use of Eq. (ES).
The term proportional to m ;) — m(; 3) can be rearranged
by using the identities

1 ..
DTw) (T)g — D (T);(T)y = — Ef”kls
ay ag

ii i !
EljklsUi’in/jUk/kUl/l = Eljkln Unls det(U)

= VKM Y s (ET)
One can show that
Tt(Pgy) - UTW 0 U) (PG - UTWU)
— (P13 - UTW 0 U) (P 3 - UTW0U)]
1 _
= — S eIk (ES)

Note that this P; g-violating term is invariant under SO(5)
but not under O(5), which is expected since P;p is an
element of O(5) but not of SO(5)."” The Lagrangian can
thus be written as

""We define P r = diag(—1, =1, —1, +1, +1) so that it is
unbroken in the SO(4) vacuum.

PHYSICAL REVIEW D 88, 075019 (2013)

L=Td Vi Vo] —m T ¥y W]
—2(mpo) —m )OIV W D+ %Gmnwkq’%ﬂq’?g DF.
(E9)

APPENDIX F: CALCULATION OF THE
FERMIONIC CONTRIBUTION TO THE
DECAY RATE h — Zy IN THE MASS
EIGENSTATE BASIS

In the main text we have described the calculation of the
contribution of composite fermions to the # — Z7y decay
rate by using the effective field theory approach. We have
thus expanded the loop integrals keeping only the leading
terms suppressed by two powers of the NP scale and
neglecting more suppressed contributions. Also, we per-
formed our calculation by neglecting the elementary-
composite mixing terms in the fermionic sector, which
explicitly violate the Goldstone symmetry. It is, however,
possible, and somehow straightforward, to perform a com-
plete calculation of the 1-loop contribution of heavy fer-
mions to the decay amplitude of 4 — Z7y without making
approximations. In this appendix we describe such a
calculation and show that it reduces to the results presented
in the text in the proper limit.

In the SM the fermionic contribution to the decay rate
comes from 1-loop diagrams with only one particle species
circulating in the loop. In a generic NP model on the other
hand, such as the composite Higgs theories under exami-
nation in this paper, there will be several fermions with the
same electromagnetic charge and off-diagonal couplings to
the Z and the Higgs boson. It is thus possible to have two
different species of fermions circulating in the same loop
for h — Zv, as shown in Fig. 7. In the basis of mass
eigenstates and focusing on fermions with the same elec-
tric charge, the terms of interest in the Lagrangian can be
written in full generality as follows:

L= §ilif —m)y' + % P h(AY + iy AL
1-. - .
T WLy G+ ysAD) Y, (F1)

where a sum over all mass eigenstates i, j is left understood
and the matrices A4, A" are all Hermitian. Possible
derivative interactions of the Higgs boson with the

FIG. 7.
iand j.

1-loop contribution to & — Z7y from fermion species
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fermions can always be rewritten as in Eq. (F1) by inte-
gration by parts and use of the equations of motion. We will
show this in detail in the following. By calculating the
diagram of Fig. 7 and summing over i, j one obtains the
following decay amplitude:

eQ
ANP = - 4—77_5 UZ[/\?]/\IZIF(m” mj, my, mz)
ij

+ iX?jX%F(mi, —mj, my, mz)].

(F2)

The final result is thus obtained by further summing the
contributions from fermions with different electric charge.
The loop function is equal to [33]

F(ml: my, mp, mZ)
1 {m%(ml +my)
Z(m,% — m%)

Bo(m%, m,,m
(m%—m%) [ 0( VA 1 2)

m
= By )]+ [ =2y o+ )

—m3 +m%)Colmy, my, my) + (m; — mz)] —(m; + mz)}:

(F3)

where BO(PZ» my, my), CO(P%, P%, (p1 + Pz)z, my, my, ms)
are two- and three-points Passarino-Veltman functions
(for a review see Ref. [34]), and we define for convenience
Co(my, my, m3) = Co(0, m%, m%, my, my, m3). In the equal
mass limit m; = m, the loop function reduces to the SM
one [see Egs. (A2) and (A4)]:

1
F(m, m, mp, mz) = ﬁ(ll(Tf’ )lf) - IZ(Tf’ /\f)) (F4)

In the limit of heavy fermions, m3, m3 > m?, m%, the loop
function reduces to

F(ml,mz,(),())
1
= _S(ml _m2)3(m1 +m2)2[(m% —m%)(m% —4m2m1 +m%)

+4mmy(m? —mym, +m%)10g< )] (F5)

m,

my

If the Higgs boson is a NG boson, its interactions to the
fermions can be only of derivative type, as shown for

example in Eq. (El). In the mass-eigenstate basis the
Lagrangian can thus be written as

£ = PG = m)’ + 3 PO Wy + 5 Th) )

I-. - .
WLy A+ ys A, (F6)
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where T", T" are Hermitian. By integrating by parts
and using the fermions’ equations of motion, the above
Lagrangian can be rewritten as

£ = UG = m) gt + 5 B iGn; = m) T

. _ A Y j
+ iy (m; + m)Th]g + B W2y (NG + ysAD) ¢

+ O[(R* ), (hZy?)]. (F7)
This is of the form (F1) upon identifying

At the 1-loop level the O(h??) terms are irrelevant
for h— Zy and can be safely ignored. The O(hZy?)
terms also do not contribute to & — Zvy: they lead to
(two-pointlike) diagrams whose loop function has a trans-
verse Lorentz structure, (q,49, — & M,,qz), where ¢ is the
photon momentum, hence the corresponding Feynman
amplitude vanishes identically for an on-shell photon.
The final expression of the amplitude is thus given by
Eq. (F2), with A" and A" given by Eq. (F8).

In Sec. IIIB we have computed the contribution to
h — Zvy from pure composite fermions using an effective
Lagrangian approach. For vanishing elementary-
composite mixings, the composite multiplets of SO(4)
are mass eigenstates, and Eq. (E1) is of the form (F6)
with T" o {T* and T" = 0. The vanishing of 7" follows
from our tacit assumption to have the same coupling to the
Higgs boson for both left- and right-handed chiralities of
composite fermions in Eq. (E1). By using the above results,
in particular Egs. (F2) and (F8), and taking the limit of
heavy fermion masses, the decay amplitude reads

(F9)

eQy .
ANP = - 4—77;121(”’[] - ml)TZ)LJZ,F(ml, mj, 0, 0)
ij

By summing the contributions from mass eigenstates with
different electric charge and using the identity

(mj —my)

77_2 F(mi, mj, O, 0) - C(mi, mj) - C(m], ml’),

(F10)

one finally reobtains the result of Eq. (3.16).
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