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Phenomenology of partially composite standard model
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We propose a model to describe the low energy physics of the partially composite Standard Model, in
which the electroweak sector in the Standard Model is weakly coupled to some strong dynamics. The
vector resonances in the strong sector are introduced as the effective degrees of freedom, W’ and Z', which
mixes with the W and Z bosons through the electroweak symmetry breaking. Through the coupling to the

strong sector, the Standard Model Higgs boson becomes partially composite, and its properties are
modified. We study the constraints from the electroweak precision data and direct searches of W’ and Z' at
the LHC expriments, and discuss the effects on the production/decay properties of the Higgs boson.
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L. INTRODUCTION

The discovery of the Higgs boson at 125 GeV and the
measurements of its production and decay rates strongly
support the picture of the weakly coupled Higgs mecha-
nism for the electroweak symmetry breaking. It is then
important to (re)consider the origin of the Higgs field and
its potential. The fact that the Higgs boson mass is much
smaller than 47v, where v = 246 GeV, tells us that the
dynamics behind electroweak symmetry breaking has a
very good description in terms of the linear sigma model.

Not only from its mass, constraints from flavor changing
neutral current and CP violating processes suggest that the
picture of the elementary Higgs field continues to be valid
up to a much higher than O(10) TeV energy scale. This
may be indicating that the physics to reveal the origin of
the Higgs field (which is possibly string theory) is out of
the reach of the LHC experiments.

Although the picture of the weakly coupled elementary
Higgs field may be valid up to a very high energy scale, it can
be a different question what generates the Higgs potential to
drive the electroweak symmetry breaking, and what sets the
scale of the vacuum expectation value (VEV), v =
246 GeV. For example, one can consider new particles or
dynamics at a TeVenergy scale and the Higgs field couples to
it so that the Higgs potential is generated. If the elementary
Higgs field is weakly coupled to the TeV scale dynamics, the
Higgs field naturally obtains the potential to explain v =
246 GeV, while the picture of the elementary Higgs fields
remains valid much above the TeV energy scale. The cou-
pling to the dynamical sector generically causes mixing
between the elementary Higgs and some (composite) opera-
tors in the dynamics, making the observed Higgs boson a
partially composite particle. The picture that the Higgs field
is weakly coupled to a TeV dynamics is particularly moti-
vated in supersymmetric models where the simplest model,
the minimal supersymmetric standard model, predicts the
Higgs boson to be lighter than the Z boson at tree level. The
partial compositeness explains why the Higgs boson is heavy
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while the new dynamics can possibly provide a mechanism to
address the naturalness problem in supersymmetric models
[1-11]. See also Refs. [12-14] for earlier proposals of TeV
scale supersymmetric dynamics with elementary Higgs
fields. For more ambitious proposals to break supersymmetry
by the same dynamics, see Refs. [15—-17]. In these works, it
has been assumed that the dynamics rather than the Higgs
VEV is the main source for the electroweak symmetry break-
ing. Although such a situation is now severely constrained by
the electroweak precision tests, the framework is still an
attractive possibility by focusing on a different region of
the parameter space where the Higgs VEV is the main con-
tribution to the W boson mass. For proposals and studies of
nonsupersymmetric models, see [18-20].

In the TeV dynamics we consider, there should be Higgs-
like operators that can couple to the elementary Higgs field.
This indicates that the dynamical sector has SU(2); X
U(1)y as a part of the global symmetry just as in QCD.
We, therefore, expect that there are resonances, W/ and Z/,
which couple to the SU(2); X U(1)y current, such as the p
meson in QCD. Without specifying the actual dynamics,
one can construct an effective theory of vector resonances
W' and Z' as the gauge bosons of spontaneous broken gauge
theory analogous to the hidden local symmetry [21-24] in
QCD. In the partially composite Higgs framework, we
expect that the vector resonances appear at a TeV energy
scale, which is within the reach of the LHC experiments.

In this paper, we construct an effective theory of the
W'/Z' sector that couples to the Standard Model Higgs
boson. The Higgs operators that give masses to W'/Z'
can mix with the Standard Model Higgs boson, and trigger
the electroweak symmetry breaking. We first examine the
constraints from the electroweak precision tests to see
which region of the parameter space is allowed. We then
reinterpret the results of the searches for W//Z' in the
sequential Standard Model at the LHC to the constraints
on W//Z' in the model. We see that the LHC experiments
give stronger constraints than the precision tests in some
parameter regions. The properties of the Higgs boson are
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modified by the partial compositeness. We examine
whether such a modification is allowed by the present
data. For example, we find that there are parameter regions
where the strong sector components of the Higgs boson is
as large as 30%.

Our work is closely related to Ref. [25] where phenome-
nology of the models with W’/Z' is studied, motivated by
the framework of the Higgs boson as a pseudo Nambu-
Goldstone boson [26,27]. There, a scalar particle is added
to the nonlinear sigma models of W//Z', and the con-
straints from the electroweak precision measurements
and from the LHC data are discussed. We, on the other
hand, construct a linear sigma model to describe W'/Z’
resonances and couple the Higgs field to it. Compared to
the work in Ref. [25], we do not need to assume relations
among parameters motivated by the restoration of the
perturbative unitarity, and all the physical quantities are,
in principle, calculable. In the linear sigma model, we find
that there is an important parameter, r, which describes the
parity violation in the dynamical sector. We see that
the constraints from the precision measurements prefer a
large parity violation, and in such parameter regions, the
searches for W'/Z' at the LHC experiments become more
important.

II. MODEL
A. Lagrangian

We construct a model to describe the W’ and Z’ bosons
as the gauge bosons of new SU(2) gauge interactions. The
full gauge symmetry is, therefore, SU(3) X SU(2), X
SU(2), X U(1),, where SU(3) is QCD, and remaining parts
are the electroweak sector. The SU(2), gauge factor is the
one that is analogous to the hidden local symmetry in
QCD, and thus we assume its gauge coupling is much
larger than those of SU(2), and U(1),. We also assume
that all the quarks and leptons are elementary. They do not
carry SU(2), charges although they eventually couple to
W'/Z' through mixing. The left-handed fermions are fun-
damental representations of SU(2),, and the right-handed
fermions are singlet. All the fermions have appropriate
U(1), charges to reproduce the electric charges.

Three Higgs fields, H;, H,, and H3, are introduced for
the electroweak symmetry breaking. The VEVs of H|, H,,
and H; break SU(2), X SU(2);, SU(2); X U(1),, and
SU(2)y X U(1),, respectively.! The H, and H, fields rep-
resent the condensations in the dynamical sector. Their
VEVs give masses to W/ and Z'. On the other hand, H;
is the elementary Higgs boson in the Standard Model.
Through the Higgs potential, the Standard Model Higgs
field H; mixes with “‘hadrons” (H; and H,) in the dynami-
cal sector, and thus becomes partially composite. All the

'The same symmetry breaking pattern is studied in Ref. [28] in
the top triangle moose model.
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TABLE I. Quantum numbers of the Higgs and matter fields.
Fields SU(?2), SU(2), u(l), SU(3),
H, 2 2 0 1
H, 1 2 1/2 1
Hj 2 1 1/2 1
o 2 1 1/6 3
L 2 1 -1/2 1
Up 1 1 2/3 3
dp 1 1 -1/3 3
er 1 1 -1 1

fields except gauge bosons are summarized in Table I. We
show a schematic description of the model in Fig. 1 by
using the moose notation [29]. The model is simply the
Standard Model added by H,, H,, and the SU(2), gauge
fields.

Models such as in Refs. [1,3,11] provide concrete ex-
amples of the UV completion of this model. As one can see
from the moose diagram, the model has a structure of the
Seiberg dual picture of supersymmetric QCD, where the
SU(2), factor is the magnetic gauge group, H, and H, are
dual squarks, and H; is the meson field. In general, if there
is an effective description of the system of W', Z', and the
Higgs field, where W’ and Z' are much lighter than the UV
cutoff scale, our model is the minimal model to describe it
since the massive vector bosons must be introduced as
gauge fields along with appropriate Higgs fields to give
masses to them.

Each Higgs field contains four real scalars, and six
of them are eaten by the gauge bosons. So the six (= 4 X
3 — 6) scalars remain as physical degrees of freedom. This
is the minimal model for the partially composite Higgs
boson. Note that if we did not consider partial composite-
ness with the same gauge symmetry, two Higgs fields
would be enough to break the symmetry [30-34]. In such
models, physical charged scalar bosons are absent.

H3 UR, dR7 €R

H, Hy
Qr, L

FIG. 1. A schematic model description by the moose notation:
The circles represent gauge symmetries. The dashed one is U(1)
gauge symmetry. The lines that connect two circles are the Higgs
fields and break the symmetry they connect. The lines attached
to the zeroth and second sites represent left- and right-handed
fermions, respectively. We assume that H,, H,, and the first site
belong to the dynamical sector.
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However, in our setup, there are charged and CP-odd
scalars as well as CP-even scalars. The existence of the
charged and CP-odd scalar bosons are a distinctive feature
of our model compared to other SU(2) models.

The models without H; are strongly constrained from
the S/T parameters. It has been observed that such con-
straints get significantly weaker when the Standard Model
(SM) fermions are charged under SU(2),, i.e., where SM
fermions are composite [35-39]. Such models, if they
exist, are subject to the constraints from searches for flavor
changing neutral current (FCNC)/CP nonconservations.
In this paper, we take a more conservative approach that
the SM fermions are all elementary and there is a funda-
mental Higgs field that gives masses to fermions through
the Yukawa intereactions, so that the well-tested Cabibbo-
Kobayashi-Maskawa theory is not modified.

The Lagrangian is given as follows:

, 1g P aur 1
ﬁgme:_z%‘”&»“’o _Z;wawl _ZB;LVB’”,
(1)

LHiees = w((D,H,)'D*H,) + (D, H,) D" H,)
+tu((D,H3)'D*H;) — V(H,, Hy, H;),  (2)

[matter — Z(Qii'yﬂDuQi + ﬁ;eiY#DMuje + aﬁeiy#D#dfe
i

+ L_iiy“DMLi + éﬁeiy“DMeje), 3)

_. 70 ul
[ Yukawa — _ Q1H<y“ ) _
ZJ N0 i\ dh
_. 0 0 0
. ZL’H3( )( .)+ He) @
i 0 ye/\exr

where i and j are generation indices. The Higgs fields are
given by’

1 o c a a

H1:<H1>+§(hl+lt§17' 7T1), (5)
1 3

H2 = <H2> + E(I/lz + lﬂ; 7'077'3), (6)
1 3

H3 = <H3> + E(h3 + lﬂ; 7'077'31), (7)

where 7% denote the Pauli matrices, and 7% = 79/2. Note
that we take the matrix notation for the Higgs fields. All the
Higgs fields are under the constraint

2h,;’s are proportional to 2 by 2 unit matrices though we do not
write them explicitly.
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PHI?=H, =123 (8)

The Higgs potential, V(H,, H,, H3), is
V(H,, Hy, H3)
= phu(H HY) + pdu(HH]) + pdu(H:HY)  (9)

+ ktr(H,H,HY) (10)

+ Ay (e(H HD))? + Ay(te(HoHD))? + As(r(H3HY))?
(11)

+ A te(H HY) e(HLHY) + Mgy te(HLHY) te(HAHY)
+ Ay te(H3HY) e(H, HT). (12)

Here all coefficients can be taken as real numbers. Note
that

(tr(H,H,HY))* = te(H HoH]). (13)
We can also write the following term:
tr (H H, 7 HY). (14)

This term can be eliminated by a field redefinition of H,.>
Since the vacuum should respect U(1),,, symmetry, the
Higgs VEVs, (H,), (H,), and (H;), should be diagonal.
In addition, we can always take (77) = 0 by the gauge
transformations. So we work in a basis in which all the
Higgs VEVs are proportional to the identity matrix:

L1 Uy U3
H =, H == H =5 15
(Hy) > (Hy) > (H3) > (15)
where vy, v,, and vj are real and positive numbers. We
introduce v and r as

2,,2

2= g2 =22 (16)

V2=
2 2 3
vy +v; 12

As we will discuss in Sec. III A, the relation between v and
the Fermi constant is the same as the one in the Standard
Model, v? = (v2Gr)™!, so v ~ 246 GeV. The parameter
1 - u% /v? measures the size of the contribution to the
electroweak symmetry breaking from the dynamical sector.
The ratio r is an important parameter in later discussion. In
QCD-like technicolor theories, r = 1 is predicted due to the
parity conservation. As we see later, the model with r = 1 is
severely constrained by the electroweak precision tests.
The limits » = 0 and r — oo are other special points
where parity (H; < H,) is maximally violating. Such
points can be the minimum of the potential when k = 0,
where an axial U(1) symmetry, which is the one used to
eliminate the term in Eq. (14), is enhanced. For r = 0 or
r — oo, which means v, = 0 or v; = 0, the U(1) symme-
try remains unbroken, and thus there is no massless

3A brief discussion is given in Appendix A.
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Nambu-Goldstone boson in the spectrum. This vacuum
realizes the Standard Model limit of the model, where
there is no mixing between W/Z and W'/Z', and H; is
the only source of the electroweak symmetry breaking
(v3 = v). When a small « parameter is turned on, one
can naturally realize r < 1 or r >> 1. Since such parame-
ter regions are close to the Standard Model limit, the
constraints from the electroweak precision tests are not
very severe. However, as we will see later, the searches
for W//Z' at the LHC experiments become important in
such parameter regions.

The parameter r is related to the custodial symmetry: the
symmetry between W(W') and Z(Z'). The custodial sym-
metry becomes a good symmetry for a small r. This can be
understood by the nature of W’ and Z'. For r < 1, both W'
and Z' mainly originate from SU(2);, whereas for r > 1,
7' has a large U(1), fraction that W' does not have. We will
explicitly see this feature, for example, in Sec. III B.

In general, demanding the vacuum in Eq. (15) as an
extremum of the potential, we obtain the following
relations:

1

pl = —K’;m — V2N + A+ ulAy), (IT)
'Ul 2
1

pd= -k (20, + 2020, + 12hy),  (18)
'U2 2
1

pE= kT2 SR+ v3An + 203A). (19)
U3 2

For the stability of the potential at a large value of the
Higgs fields, the following relations should be satisfied:

A >0, Ay >0, Az > 0. (20)
We will also see that
k<0 2D

is required from the local stability when v, v,, v3 # 0.

B. Higgs mass

From the Higgs potential, we can read off the following
mass terms for the physical scalar particles.

1. Charged Higgs sector
The mass matrix of the charged Higgs fields is given by

™
VO (m m  my ) M| ™

T

00 O Ty~
=(my+ ww+ HT)O0 0 0 - |, (22)

0 0 mj. H™
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where
__ Vu3 __ V3 vy
20, K 2 K 2 K
2 Y Vi3 vy
Mes = 2 K 2, K 2K (23)
L) v _ vy
2 K 2 K 20, K
2
Kk 1+r
mz: = —-2— V2. 24)
U3 r

The fields 7= and 7= are would-be Nambu-Goldstone
(NG) bosons that are eaten by W and W', respectively.
The relation between mass eigenstates and gauge eigen-
states are

H* = wimy +wimy + wims, (25)

where

wy = —= — (26)

5 1 1 1 v @7
w= — = ]
Y EF Tty Vit
vp vy U3
1 1
wl = — — =1 -3 @8
AT !

2. Neutral CP-odd Higgs sector
The mass matrix for the CP-odd scalar fields is given by
3

L
1
Vos(m m m) M| =
3
0 0 O Ty
=(m; 7y A°)O O O Jfmy) (29
0 0 m3 A
where
M%,S:M%S, (30)
mi, = my.. 31

The physical CP-odd Higgs boson has the same mass as
the charged Higgs boson given in Eq. (24). The fields 7,
and 7, are would-be NG bosons that are eaten by Z and Z/,
respectively. The relation between mass eigenstates and
gauge eigenstates are

A = whad + wim + wim, (32)

where wl, w3, and w3 are given in Eqgs. (26)—(28).
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3. Neutral CP-even Higgs sector

The mass matrix for the neutral CP-even Higgs bosons is

Iy my, 0 O\[/H
V:)%(h1 hy W)YMi| hy |=(H H h)] 0 m3 O H' |, (33)
hs 0 0 m/\h
where
- UZZva k+4vid] Pk +2umdn Bkt 20030
My =| Fx+2vvhryp —HPk+ 4v3dy Bk + 2uav3A5 (34)
Skt 20u30 Bkt 2u0v303  — ”2'11”32 K + 4v3A3

The relations between mass eigenstates and gauge eigen-  The gauge boson masses are the eigenvalues of these mass

states are matrices. In the g; > g, region, we find
H wh o owi o owl h 1 2 1
( ) " 1 H ! m, = —g%vz(l - g_(z) ——s 2), (40)
H' wh wa, owi || s |, 4 g1 (1+7r%)
h I 2 3 h
\ e (35) SR BTSN OISR R
hy Wy Wy Wy (H My =7 81\ T V3 g (1+7)2)
hy wi o wi, owi || H
2 —
) \wg wd, Wl \ » m2 =0, (42)
We define 4 as the lightest one, and thus m;, = 125 GeV. 1 (g2 — g2r2)? 1
12 ) . 2 0t 02 4 o2)2f1 — Y80 T 82F 4
Note that |w} |* is the & component in H;. Since we assume Mz = Z(go + g3)vi( 1 22 + 22) (1+ 2)2) (43)
Hj is elementary and H, and H, are composite, |w3| = 1 §1160 T &
means £ is completely elementary. If & is completely 1 2| 24 1
composite and arises from the dynamical sector, then m%, = g2(v? + v%)(l 4 80 282 . 2)' (44)
[w3| = 0. Our focus is partially composite 4, i.c., 4 81 (1+7r9)

lwil # 1,

lwil? > [w)l?,

(w3l > [w2l%.  (36)

C. Gauge sector

The mass terms of the gauge bosons are

W_M
+ + 2 0
LD (WO/.L Wl,u. )MCG< Wk )
|
3
WOM
(Wo. Wi B.)Mie| wi | 37D
BS
where
2 1 g(z)(v% + U%) _goglv%
Mée = 4 2 202 oy ) OY
—8081V7 gi(vy + v3)
Wi +v3) g —go8av3
, _ 1 2 20,2 2 2
My = 1 —8081V7 gi(vs + U3) —8182V3
—g08v3  —gigv;  gwi + vl
(39)

The relation between mass eigenstates and gauge eigen-
states are

(F5)- (2 (e
+ 0 1 = )
145 Wy Wy J\ Wi,

(45)
WOiM B wh wh [ W
Wi, "(wa ww)<wx>’

Z, \ wl o owh o owl w3 "

Zy = wy wy wi || Wi, )

A, wl  owh o wh B, 16)
WS’ " w% w%, wg V4 “ (
w3 L= yowhoowi |l Z,

B, wy wy wi/ \Au

We can find the expressions of wi by diagonalizing the
mass matrices.

We find some relations among parameters. A naive
relation among my and my, is m3, — m3, > 0. But there
is actually a more stringent bound:
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2my myy v}

m%v,—mévzf - (47)

We can use this relation to find the lower bound on r,

2mymyy v?

wiw

r=————541 - —; (48)
my, — miy, v

We find another relation,

_Mw (49)

2,2
vt — v3

81 <

We derive Egs. (47) and (49) in Appendix C.

D. Couplings

In this section, we calculate the coupling constants
between mass eigenstates. Since many of their expressions
are complicated, we use the approximations that are valid
when g; > g,. We do not use this approximation in the
numerical calculations performed later.

1. h-f-f couplings

The & couplings to the fermions and the fermion masses

are given as
_ W _,. U
8ffh = Vi mp=yro- (50)

From these formulas, we see that Yukawa couplings are
always (v/v3) times as large as their SM values. Since
v3 < v~ 246 GeV as we can see from Eq. (16), the
Yukawa coupling constants are always larger than their
SM values. In order for the top Yukawa coupling to be
small enough for perturbative calculations, too small v; is
not allowed. For example, if we impose y, < 3y$M, then the
lower bound on v is ~80 GeV.

We introduce « ; as the ratio of this coupling to the one in
the SM,

S Y 3. (51)
mf/v 'U3

Ky =

Since v3 < v, or the Yukawa couplings are larger than their
SM values, this ratio is larger than one when w; > v3/v.
This leads the enhancement of Br(h — ff). We do not
consider extremely small values of wz [see Eq. (36)].
The choice is phenomenologically favored since the signal
strengths around 125 GeV in both ATLAS and CMS look
consistent with the SM Higgs boson.

2. V-f-f couplings
The gauge boson to fermion couplings are given by

(i (=)

57Cy m?, 1—2s%

PHYSICAL REVIEW D 88, 015019 (2013)

e my 1 v%(( 2%) 3, 2% )
1pp S — — Al —=\{1-rF)T°+r50)
8211 Sy My 1 v? c% % ¢
(53)
e mi, s v3
()
Bwrf sz( m%v, 1 — 252 v? (>4
e my 1 v}
1 = — — —4/1 — -, 55
ngf Sz My r 'U2 ( )
where
1 1 1
L (56)
e 8 81 &2
and where s, and ¢, are defined through
2a=—"0 (57)
2z 4\/§Gpm%

3. h-V-V couplings

The Higgs boson couplings to the gauge bosons are
given as follows:

Ky = EWWwh
W=
2m3, /v

r ’ v3 m?
S — 1——3(r2—2 W)wl
2 2 W

(1+r2)3/2 v ms,

1

v? m> v
+— 1——3(1+2 W)w2+—3w3, 58
(1+r2)3/2 v? m%v, >y 7h (58)
- EW'W'n
W=
2m3, /v

- r 1

iy v 1
~ + 1+2 1- —))w
1+ 27 \/r_‘_( mw( )

1 1 m> V2
2 _ w _ 73 2
+ (1 I r2)3/2 1 —~ (r Zmz (1 ?))Wh
(59)

Here we ignored O(mj,/mj,) terms. Note that the hj
component in £, wf,, does not contribute to gy, namely
h3 does not couple to W'W', at this order.

To see their qualitative feature, let us consider the case
with w) ~ w? ~ 0 and wj ~ 1, namely the situation where
the Higgs boson is almost elementary. In this case, we see
that Ky ~ v3/v = 1, and Br(h— WW) tends to be smaller
than the SM prediction. In addition, we find xy ~ 0 in that
case, so the W'-loop effect on the A — y+y process tends to
be small due to the small fractions of w} and w?. We can
introduce k; and K in a similar manner.
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K, = 8zzn
“ 2m% /v
2 2 2
r v m s
~ 4 1__3(,-2_2_W(1_r2_2)>w1
(1 + r2)3/2 U2 m%v’ C% h
! 3 miy 257\ 2
+—rq/l — 1+2 1—r-—=
i+ e u( mw( ”@»Wh
+ 2w, (60)
v
Koy = 872'7'n
“ 2m2, /v

r 1 m> v2
=~ + 142 ——3)
(1+}’2)3/2 1_5( mW’< U2

1 1 m? v3
2 w 3
(1 + r2)3/2 2 (r 2m2 (1 v2>
1 — 3

Q—ﬂé»w 61)

The gy, couplings are also calculated to be

Eww'h 1 2 m%v( 24 2 3))
~— " (1= 12) +
2mymy /v (1 +r2)3/2(r o ( )tr v Wi
1 m? v2
+ r2——W( 1—r2 ——3>>w2
r(1+r2)3/2 m%v, ( ) v2))
2 1 2
i ﬁ71/1 ~ By (62)
m, vr v
8727'h 1 2 m%v ( 2 2 U%)
.~ LA S = 1ok
2mymy /v (14 r2)3/2 (r m2, (A=r)+r v?
2
s 1
x(1— 2—2)) P
( " c2 Wi r(1 + r2)3/2
2 2
X (r2 - m2W ((1 —r) - —;)
m2, v
x(l—ﬂﬁ))z my vs 1y v
)" mi, vor v?
2
(1 .y Zg)w;. (63)
7

From these expressions, we see that the difference between
W(W') and Z(Z') becomes larger (smaller) when r > 1
(r<1.
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4. h-H™-H* couplings

The coupling between the Higgs boson and the charged
Higgs bosons are

£ D) _gH7H+hH+H7h’ (64)
where
2
PO S | Y P S
H-H"h v v? v2 (1 + rz)%/z
i U% 1 w? v3 r w3>
(1 2)3/2 v (1 + r2)2 h
(65)

Here we assume mj3,. >> v?, v}. We define xp- as follows:

SH H*h
=202 0 66
1 Zm%F /v (66)

5. WWZ, WW'Z, and WWZ' couplings
Finally, the triple gauge boson vertices are given by

(_ﬁi !
m%v, 1+ (1 —2s5%)

(g2 @

e
8wwz = —Cz
SZ

e my r v}
P A S | W ST
Ewwz s; Zmg (14 72)(1 — 52) v? (68)
e my r ’1 v3 I
AL A S—— Y by (PN
Ewwz sy Lmy (1+ 7)1 — 52) v? z

(69)

We find the VVV' couplings are suppressed by (my /my)
compared to the WWZ coupling.

III. CONSTRAINTS ON W' AND Z'

A. Constraints from electroweak precision
measurements

In this section, we discuss the electroweak constraints.
Because of the existence of the extra gauge bosons, W' and
Z', the parameters such as $ are nonzero at tree level and
give a severe constraint on the model because these pa-
rameters are measured to be at most as small as of order the
one-loop level.

To calculate the electroweak parameters, S, T, U, W, and
Y (see Ref. [40] for definitions), we calculate the quadratic
terms of gauge bosons in the momentum-space effective
action. They are written as
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| My Iy o, 43
_ng(w(lf B~ Wfb) Iy, Il Iy B
Iy, 11, Iy wy

+ (g9, terms), (70)
where
My = 5 — 22 + ) 1)
g 4 '
Iy = iq2 - l(U% +v3) (72)
g 4
L, 1 5 2
I, = —gq —Z(U1+U2’ (73)
1
1,
H01 = ZUI, (74)
1,
H02 = ZU3, (75)
1,
I, = v (76)

and II,, = II,,. We consider only g, terms. Since W, is
decoupled from the fermion sector, we integrate it out.
Then the quadratic terms become

1 My,w, Iy \{ W
_ WE e W3 3 ’ 77
zg,uv( 0 )( HW3B HBB BV ( )
where
Myyw, = Mgy — TLoy (IT;) "' T4, (78)
My,p = My — Mo (T1;;) ', (79)
Mg = Iy — Iy (I1) '), (80)

Their explicit expressions are given in Appendix B. In a
similar manner, we can calculate the charged sector, and we
find Iy, (¢%) = My, (¢?). Therefore T=U =0 in
this model. Using the definition given in Ref. [40], we find

2..2..2
§= 2.2 gov211212 2 4’ 81
gi(vy + v3)* + ggvi

T=0 (82)
U=0, (83)

2 4

_ 80 1 Uy
W = 4m2, 80 )

Yt v ol 0T+ I+ ]

2 1 U4

Y = 4m}, 82 : (85)

PHYSICAL REVIEW D 88, 015019 (2013)

The central values, standard deviations, and correlations of
these parameters are given in Table 4 in Ref. [40].

103§ =0 1.3 =103S, = o), (86)
10°T = 0.1 = 0.9 = 10(T = a5), (87)
10°Y = 0.1 = 1.2 = 10°(Yy = ay), (88)

10°W = —0.4 = 0.8 = 10°(W, = o), (89)

1 0.68 0.65 —0.12
0.68 1 0.11 0.19
p= . (90)
0.65 0.11 1 —0.59
—-0.12 0.19 -0.59 1
The confidence ellipse is given as
STV IS = ok, 1)

where

IjT=103(§_§0 f_fo Y_YO W_W())y (92)

og 0 0 O og 0 0 O
V= (10% 0 o4 0 O ) 0 o4 0 O ’
0 0 oy O 0 0 oy O
0 0 0 oy 0 0 0 oy
(93)
and where
4.71957 (68.27% C.L.)
) 7.77944 (90% C.L.)
oo = 94)
9.48773 (95% C.L.)
13.2767 (99% C.L.)

The set of parameters should be in this ellipse.

There are three parameters relevant for the calculations,
g1, I = v,/vy, and vs. The rest of the parameters such as
g0, &2, and v, (or v,) are fixed so that @, M,, and G are
correctly reproduced. Numerical results are shown in
Figs. 2-4, where we take the mass of W/, My, as the
horizontal axis. In Fig. 2, we show excluded parameter
regions with fixed r, and those with fixed v; are shown in
Figs. 3 and 4. The regions to the left of the red (light gray)
lines are excluded from the electroweak precision tests. We
see that the constraint from the electroweak precision
measurements is almost independent of the values of g
and r but depend on v;. The lower bound on my: is
typically 1 TeV (2 TeV) for v; = 200 GeV (100 GeV).

For r = 1, corresponding to the parity conserving model
for the dynamical sector, one can see that the gauge cou-
pling constant g, needs to be large such as g; ~ 10 in order
to evade the electroweak constraints (see Fig. 2). With such
a large value, the tree level analysis becomes not reliable.
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FIG. 2 (color online).
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Constraints in the (myy, v3) plane. The left side of the red and blue (light gray and dark gray) lines are

excluded by the electroweak precision measurements and the W’/Z’ search by the LHC, respectively. The numbers on the dashed lines
are g; values. The yellow (shaded) region represents the region in which g; = 4. In the first (second) row, we take r = 0.1, 0.2, 0.5, 1

(10, 5, 2) from the left to right columns.

On the other hand, for r <1 or r > 1, there can be
consistent parameter regions with g; much smaller than
41 (see Figs. 3 and 4). This suggests that the dynamical
sector is either parity violating, such as chiral theories, or a
theory that does not provide a particle picture for the vector
resonances, unlike the QCD.

B. Constraints from direct searches for W’ and Z’
at the LHC

In this section, we discuss the bounds from the direct
searches for W' and Z' bosons at the LHC experiments.
Both ATLAS and CMS groups provide bounds on the

S S

combinations o - Br for each decay modes as a function
of the mass of the W’ and Z'. Since there are couplings to
fermions through the mixing with Standard Model gauge
bosons, W’ and Z' can be produced via Drell-Yan pro-
cesses. If the leptonic decay modes, namely W' — €v
and Z' — €<, have a sizable branching fraction, there are
quite strong bounds. Whereas when W' is almost fermio-
phobic, its main decay mode is W' — WZ. We, therefore,
consider constraints from both processes: pp — W' —
WZ, pp— W' — £y, and pp — Z' — €£.

We here give some qualitative discussion. The pro-
duction cross sections are proportional to couplings
squared,

2000 3000

2000 3000
My (GeV)

1000 4000 5000 1000 4000 5000

My (GeV)

FIG. 3 (color online).

1000 2000 3000 4000 5000
My (GeV)

1000 2000 3000

My (GeV)

4000 5000

Constraints in the (myy, g,) plane. No physical solutions are in the left side of the green (shaded region) line,

namely the gauge couplings and/or VEV’s become complex numbers there. The left side of the red and blue (light gray and dark gray)
lines are excluded by the electroweak precision measurements and the W’/Z' search by the LHC, respectively. From the left to right
panels we take v; = 100 GeV (r > 1), v; = 100 GeV (r < 1), v3 = 200 GeV (r > 1), and v3 = 200 GeV (r < 1).
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FIG. 4 (color online). Constraints in the (my, r) plane. No physical solutions are in the green (dark shaded) region, namely the gauge
couplings and/or VEV’s become complex numbers there. The left side of the red and blue (light gray and dark gray) lines are excluded
by the electroweak precision measurements and the W’/Z' search by the LHC, respectively. From the left to right panels we take
vy = 100 GeV (r > 1), v3 = 100 GeV (r < 1), v3 = 200 GeV (r > 1), and v; = 200 GeV (r < 1).

olqgg— Z') = (g%,fﬂ 4 g%,ffR) (95) to giye a stronger bound on parameFer spage in the large
r region. On the other hand, both give similar bounds in
2 o the small r region. Notice that this difference between
62 mZW ( )[((1 ) T3 W' and Z' is due to large breaking of the custodial
Sz mW, r symmetry as we discussed in Sec. II. We show the cross
2 \2 sections of W/ and Z’ via Drell-Yan production at LHC
+ P22 Q) ( 2 Cﬁ Q) ] (96)  in Fig. 5. The r dependence discussed here is now
z

apparent in the left column in this figure.
y , ) The partial decay widths of W’ and Z' are
o(qq — W') = gy (97)

1 md, r? v?
[(Z' — WW) =~ —w (1——3), 99
6_2 m3, 1(1 B 2) 98) ( ) 487 v? (1 + r2)2 v? ©9)
2m2, P\ 02

~

In the large r region, productions of W' are suppressed [(Z — Zh) ~ 1 My

e (=rwh + w22 (100)
but Z’ is enhanced. Hence Z’, rather than W', is expected 8 1+

2)3

1000
100
10}

1
0.1

0.01}, . . . . . 1
01 02 05 1.0 20 5.0 100

a(pp->W") (tb)
o(pp->W") (fb)

o
=

(pp-7) (ib)
r(pp-7) (ib)
I
S

01 02 05 10 20 50 100
r my (TeV)

FIG. 5 (color online). The production cross section of W/ and Z' via the Drell-Yan process as functions of r and my,. We take

mfy, = 1500 GeV and v; = 200 GeV in the left column, and vz = 200 GeV and r = 0.2 in the right column. Here o(pp — W') =
o(pp— W)+ o(pp — W'*). Here we use CTEQ6 for PDFs [47].

015019-10



PHENOMENOLOGY OF PARTIALLY COMPOSITE STANDARD ...

PHYSICAL REVIEW D 88, 015019 (2013)

. 1.00
- o 10 070
g 25 S ol 3 > 0.50
51 2 ] ] 5 100 % 0.30
= >

=15 2 00 = 3 020
JURSTYY S = 50 5 015
= = 0.001 = =
£ = = = 0.10

0 » 0

01 02 05 10 20 50 100 01 02 05 10 20 50 100 1 2 3 4 5 1 2 3 4 5

, r my (TeV) my(TeV)
05
30 _ 150

- 0.15
2 25 S 04 2 S
) ) <} )
=20 Q03 = 100 S 0.10
= 15 = § =
= 7 02 7
110 N I 50 N 0.05
N = 0.1 N =
= 5 : —

0 0.0 0.00

01 02 05 10 20 50 100 01 02 05 1.0 20 50 100 1 2 3 4 5 1 2 3 4 5

r r mz(TeV) mz(TeV)
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The partial decay widths of W' and Z' as functions of r and my». We take my» = 1500 GeV and v; =

200 GeV in the left four panels, and v; = 200 GeV and » = 0.2 in the right four panels. Here Iy = ev + uv, and I/l = ee + ppu.

2,2 2 )
1= S L) (-

My S7 1 v cz

2 2
+e%o) + (22))

c c_%
1 m?,[,, r? v?
- 1—=) (102
487 v (1 + r2)2( v2) (102)

(101)

(W — WZ) ~

3
T(W — Wh) =~ I my r (—rwl +w2)%,  (103)
487 v* (1+72)° b h

- 1 m3, e 1 v3
r(w'— '=—N—W——(1——3>. 104
( 19 487" “my 5% r? v? (104)
Here we keep leading terms in the (my/my)

expansion. We find that I'(Z' — WW) =T'(W — WZ)
and I'(Z' — Zh) =I'(W' — Wh) in this approximation.
To see which of bosonic and fermionic decay modes is
more important, we take their ratio,

rw-wz 1 my
T(W — ff') 4N, m}, (1 + r2)?

We see that the bosonic decay mode is dominant except for
the small r region. The Z’ case is similar to Eq. (105) in the
small r region, but it has extra =2 in the large r region.
Then Z' — ff’ as well as Z/ — WW is important in the
large r region. We plot partial decay widths in Fig. 6. The
qualitative features discussed here are explicit as one can
see in this figure.

Now we calculate o - Br for W’ and Z’, and compare the
results from the searches at the LHC. We use the bounds on
pp— W — WZ [41,42], pp — W' — {v [43,44], and
pp — Z' — €€ [45,46]. In this section, we restrict our-
selves to consider the parameter space in which Eq. (36)
is satisfied. Then we can omit the V' — Vh process. We
also omit some other channels including heavier Higgs

(105)

bosons and/or charged scalars, which highly depend on
parameters in the Higgs potential. After taking into account
these processes, the constraints might be weaker because
they change the total decay width.

The numerical results are shown in Figs. 2—4 as blue
(dark gray) lines. In a large parameter space, the electro-
weak precision test gives a stronger bound. The exceptions
are regions with large and small r, that is, where g; can be
small. Since the W’//Z' to fermion couplings are induced by
the gauge boson mixings of order g,/g;, the production
and decay rates are enhanced for a small g;. In these
regions, the LHC experiments are starting to give stronger
bounds than the electroweak precision tests (see Fig. 3).

IV. SIGNAL STRENGTH OF 125 GEV HIGGS

The lightest Higgs boson 4 is a mixture of H,, H,, and
Hj3, and thus the properties are modified from the Standard
Model predictions. We here discuss the production/decay
properties of i. We start off by calculating ratios of partial
decay widths. In the processes that exist at tree level, they
are given as the ratio of the corresponding couplings given
in Sec. IID,

Lh—f) _ >

. Th—ww)
L(h— ff)sm r

Th— WWyg, W

(106)
I'h— z2) )
- == — K7.
L(h—ZDsm

We also define «’s for the loop induced processes,
I'h — —h
K2 = (h—gg) _ olgg—h) (107)
I'(h—gglsu  o(gg — hsm

I'(h— yy)

Ky =, (108)

7 T(h— yy)sm

The diagrams that contribute to Ké are the same as those in
the Standard Model. The only difference from the Standard
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FIG. 7 (color online). Signal strengths on the (Myy, r) plane. The blue (dark gray) lines and dashed lines represent the signal
strengths and g; values, respectively. The vertical axis is the ratio of the two VEVs, r = v,/v,. The yellow (light shaded) region stands
for the region in which g; > 4. In the green (dark shaded) region, the gauge couplings and/or VEV’s become complex numbers. The
upper (lower) column shows the r > 1 (r < 1) region. The parameter choices here are w}l = 0.1, w%l = 0.5, and v; = 200 GeV.

Model is the & couplings to the SM fermions that are given =~ Here we take m;, =~ 125 GeV. Then we have
as k. Hence

2 o Y 138B),3 .
Kg’ _ szb (109) Ky = (0.27 " 1.3 ” )wh + 0.005k+
K., is more complicated because W’ and H™ contribute to 1 v, )
the process as well. The partial decay width for A — 7y is - 13 m - ?(’" wy, +wy)
given as 5
r 1
o? 1 - 1.1 37 (wh +rw2)| . (11
T(h— yy)=m} 1667'7”3 V26, thzNL.Kf — 2 1ky L+ 22 - _g
_7 Ky + s Ky~ ? (110)  There are four terms in .Eq. (111): The first term.con.sists
4 12 of a top quark contribution and a part of W contributions.

u(gg—h—22)

u(gg~h-ff) H(gg>h->WW)
. . . q or . o "

-0.5¢

05 00 05 10 10 D05 00 05 10

wi wi wi wi

FIG. 8 (color online). Signal strengths on the (w}, w%) plane. The numbers on the dashed lines are the signal strengths. The
parameter choices here are v; = 200 GeV, my = 2500 GeV, and r = 0.1.
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The second term is the charged scalar contribution. The
third term is a part of W contributions. The fourth term
is the W’ contribution. We take v; as the same order as
v to keep the perturbativity of the Yukawa coupling.
Then we find that the charged scalar contribution is
negligible. As long as we take the partially composite-

PHYSICAL REVIEW D 88, 015019 (2013)

ness condition in Eq. (36), the third term is negligible.
On the other hand, the fourth term can be visible be-
cause its denominator becomes small for v; ~ v. Since
the fourth term highly depends on r, the r dependence
of k, is large. We can calculate signal strengths by
using k’s.

(gg— h— X) Kirk (112)
w(gg = h—X) = 55— 2 R SM 2R SM 2R SM 2R SM 2 R.SM
KB pp T KWBhSww T KBNSz + KBS T OBhS,, T k2B,
2
£ 072
) 3 > 5 K% (113)
3 2 3\2 1 3 v . — 3, L,
dulm) Z((1+rr2)3/2 L= 2w, + e VL — wi %wh)

Here we calculate Bry™, with m;, = 125 GeV. Since we
take v3 ~ v and [w3|? > |wl|?, [w?|?, the r dependence is
only in ky. Therefore, the r dependences of «,, ks, and
Ky/z are large, absent, and weak, respectively. Another
important feature is the my, dependence. We find that the
my dependence is absent at the leading order. These
features are shown in Fig. 7. In this figure, we plot the
signal strengths in the (myy, r) plane with w), = 0.1, w} =
0.5. In this w} and w? choice, h is ~30% composite
because [w}|* + [w?]?> = 0.3. These calculations are per-
formed numerically, and we do not use the approximated
formulas given in this section.

We also show the signal strengths on the (w}, w?)
plane. We take v; = 200 GeV, my, = 2500 GeV, and
r = 0.1 in Fig. 8.* We find that the w} ~ w? ~ 0 region
is disfavored. One of them, w,zq in this example, should
take a sizable value. This means that the lightest Higgs
boson has to have a component of not only the elemen-
tary sector (H;) but also the composite sector (H; and
H,), namely the Higgs boson needs to be partially
composite.

V. CONCLUSION

In this paper we constructed a model in which W/Z
and the Higgs boson are partially composite, and we
explore the effects of new particles on the electroweak
precision measurements and the signal strength of the
Higgs boson. We showed that the constraints on W’ and
Z' from the electroweak precision measurements and
direct searches of them push their lower mass bounds a
few TeV.

In the model we consider, one can take the decoupling
limit where v; = 0 or v, = 0. In this limit, W//Z' de-
couple from the Standard Model particles. The vacuum
close to such points can naturally be realized since it is

“In this parameter point, g, is larger than 1 but still smaller
than 4.

controlled by a soft breaking term of an axial U(1)
symmetry, «, in the potential. In such a vacuum, e.g.,
r=uwvy/vy =5 or r<0.2, we find that a relatively
small g, in which perturbative calculation is valid, is
consistent with the electroweak precision tests. On the
other hand, the searches for W//Z' at the LHC experi-
ments become important for small g;. The consisten-
cies with these experimental results are telling us
information on what type of dynamics is behind the
electroweak symmetry breaking. For example, r # 1
implies parity violating theories unlike QCD-like tech-
nicolor models.

We have calculated the signal strength of gg — h — X
at the LHC and found the Higgs boson at 125 GeV can be
partially composite by, for example, 30%, whereas all
other constraints are satisfied. If there are significant com-
posite components in the W/Z bosons, the Higgs fields
should also be partially composite to reproduce the signal
strength measured at the LHC. The deviation from the
Standard Model predictions should be visible in future
experiments.
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APPENDIX A: ELIMINATION OF EQ. (14)

In general, the Higgs potential contains the following
triple Higgs interaction terms:

K tf(H HyHY) + iy te(H Hy 7 HY). (A1)

Note that
(tr(H,H,HY))* = te(H,H,H]), (A2)
(ite(H Hy 7 HY))* = ite(H Hy 7> HY). (A3)
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Hence k| and «) are real numbers. We can rewrite the
terms as follows:

! t(H HyHY) + iy te(H, H, 7 HJ) (A4)
= ktr(H,H, exp (i7°0, )H]), (AS)
where
/ /
K= '\/K/IZ + K2, cos, :L, sinf, = Ay

7 2
K|t K3

/ n” 2]
K|t K3

(A6)

By the field redefinition of H,, we can eliminate
exp (i7°0,), namely

H,exp(it30,) — H,. (A7)
This redefinition does not change other terms. Hence we
can always eliminate tr(H 1H27'3H ).
APPENDIX B: CONSTRAINTS FROM
ELECTROWEAK PRECISION MEASUREMENTS

The explicit expressions of self-energies after heavy
states are integrated out are

1 1
My, (@*) = —¢* = - (v + 3
W;Ws 2 2\ 3
1 V2 81 1 V2
! , (Bl
4 ]q —gl(vl+v%)/44 vi.  (BD
1 1 g2 1
I 2y — 5,2 .2 1 2 B2
W;B(q ) 4U3 41)] _gl(vl +v2)/44 v, (B2)
Mas(q?) = 0> = 1 (3 + v3)
g 4
L i L 3
——v —v
470q7 = gi(vi +v3)/4 472
We introduce the following shorthand notations:
dTl(¢?)
o) ==-4 , (B4)
dq 4*=0
d*11(g°)
I1"0) = ——== . (BS)
d(q2)2 ¢*=0
Then we find
L 2o L 411
Iy, w,(0) = — é_l(vl + v3) + 17+ (B6)
v2
1 1 vt
1T}y, ., (0) = — ! (B7)

g5 & i+ v
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4
v
e . (0) = 8— —‘, B8
Wqu( ) 4 ('Ul + ‘U%)S ( )
1 1 v??
My, 50) = v} + - -2, B9
W3B( ) 4U2 4 ‘U% + U% ( )
1 v2v?
I}y, 50) = 5 ———5. (B10)
W3B 2 (v1 + v2)2
‘U2‘U2
I, .(0) = 8— 172, (B11)
e gt Wi+ v3)’
4
M) = —~ @3+ )+~ -2 (@B12)
47720 7 40 1+ 03
1 1 v
.0 ==+ — —2——, (B13)
be g% 81 (Ul + U2)2
4
v
" .(0) = 8= 72. (B14)
SR RN
From these results, we find
~ 1 viv?
—2Q — / _ 1%2
g S =1I};0) = 5 553, (B15)
BT gt i+ vy
4
28 2m?W =11, (0) =8 "L (BI6)
3W3 4 (v] + U% 3
4
26 2mitY = T, 0) =8~ — 2 ®17)
(i +v3)?
1 1 v?
2 =TT}y 4 (0) = My 4y (0) = = + — —5——,
T MO = o @ = o o
(B18)
11 4
2= 1,(0) = — V2 (B19)

g g (v +vd*

Final results are given in Sec. [IT A

APPENDIX C: THEORETICAL CONSTRAINTS ON
PARAMETERS IN GAUGE SECTOR

Note that the trace of a mass matrix gives the sum of the
masses and the determinant of a mass matrix gives the
multiple of the masses, so

1
my, + m%v = —(g%(v% + v%) + g%(v% + v%)) (C1)

4

1
myymi, = —giet(v} + v)(vi + v3) —v}). (C2)

16

015019-14



PHENOMENOLOGY OF PARTIALLY COMPOSITE STANDARD ...

Using these relations, we find

(m

1
= vigogi

= miy)* = (m, + miy)?

— 4m3,m3, (C3)

((g()(vl + v%) - gl(vl + Uz))z + 4v18081) (C4)

(Cs)
l/f’l2 mz
= 40 Wow C6
Vi (v} + v%)(v% + v3) — v} (€6)
1 2
= dmdm?, — <1—§% (C7)

Now we derived Eq. (47).

PHYSICAL REVIEW D 88, 015019 (2013)

In the g; > g, region, we can easily express v, and v,
as functions of (my, g1, v, v3) by using Egs. (16) and (41):
2

vi, = ?(m%v, T \/m%V,(m%V, - gi(v? — v%))). (C8)
1

Here we keep only the leading term in Eq. (41). Since v,
is real, the /- - - part should be positive and less than m%v,,

and then
OSmW,—gl(v —v3)<m (C9)

From Eq. (16), we find v? > v3, so the above expression is
reduced to

g1 — v3) = my,. (C10)

Now we have derived Eq. (49).
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