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Randall-Sundrum model with two branes stabilized by a bulk scalar field

We discuss a model, where a Higgs-radion coupling naturally arises due to a mechanism of spontaneous
symmetry breaking on the brane involving the stabilizing scalar field. Our approach takes into account the
influence of the KK tower of higher scalar excitations on the parameters of the Higgs-radion mixing, which turns
out to be of importance. It also has the advantage that it modifies only the scalar sector of the model and leaves

intact the masses and the coupling constants of the graviton KK excitations.

A stabilized brane world model in five-dimensional space-time E = M, xS* /Z, with coordinates {x" } = {x*, y}, M=
0,12,34, u=0,1,2,3, the coordinate x* =y, —L <y < L parameterizing the fifth dimension, is defined by the action:

8 = Sg = S¢,+3M

L
where Sgysm = /d4ﬂ’3fL dy (%QMNaM(baNfb—V@)) V9
- [ VEM@ds s [ V- +@M_@+ Lins(6, H))d'
y=0 y=L -

Lagragian L, .. is the SM Lagrangian without the Higgs potential that is replaced by the interaction Lagrangian

2
Lini(¢, H) = =)\ (|H 1> — %QSQ) & - positive dimensionless parameter

This leads to relation between the vacuum value of the Higgs field | .21y _ M’
and the value of the field ¢ on the brane aty = L 2

This means that in such a scenario the Higgs field vacuum expectation value, being proportional to the value of
the stabilizing scalar field on the TeV brane, arises dynamically as a result of the gravitational bulk stabilization.
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Integrating out radion excitation fields

Expanding the bulk scalar field in KK modes, substituting this expansion into the second variation Lagrangian
and integrating over the extra dimension coordinate y we get a four-dimensional Lagrangian
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where T} is the trace of the SM energy-momentum tensor and AT ¥ AT;L = %GE};G% + Ble) - s
gs €

is the conformal anomaly of massless vector fields

We are going to consider the phenomenology of the Higgs boson and the radion in the energy range much
lower that the masses of the radion excitations. In this case we can pass to a low energy approximation for
this Lagrangian by dropping the kinetic terms of the radion excitation fields and integrating them out, which
gives the following effective Lagrangian for the interactions of the Higgs and radion fields with the SM fields:
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Physical mass eigenstate fields

Then we diagonalize mass matrix M of the fields o and ¢, M — (2)\’02 —d’ _%P”%al)
- 1,2 2
—oHi1 H

and turn to the physical mass eigenstate fields h(x), r(x):

2
l,lfla;]_

h(z) = cosbo(x)+sinboi(z) where rotation angle : tan 20 = — -
r(zr) = —sinfo(x)+ cost ¢1(x) —T/4 <6 <T1/4 pi — 2 v +d

The original unobservable parameters we express in terms of the physical masses and the mixing angle:

. . [o. @]
(m? — m3?) sin 26 (m? — m3 ) sin 26 5
a; = : ‘ Cc = - E «
m2 cos2 6 + m? sin? 0 m2cos2 0 + m?2 sin 0 "
r h r h —9

The sum of the wave function ratios a ? are model dependent, and they should fall off with n in order for the
sum to be convergent. In certain models, several first ratios can be of the order of unity which gives the
estimate for the parameter c:

The upper level of the parameter c as a function of m_,_. and sin©
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Effective Lagrangian

We get the following effective Lagrangian for the interactions of the fields h(x), r(x) with the SM fields:

Ly = %ﬁuhﬁﬂh - %m}%hg + %Qu?"a”’r - %[LE?“Q
~ (ccos éj\—f sin ) W(T" + AT?) + (csin QA: cos Q)T(Tﬁ AT
_ Z ?Ujfwf(cos Oh —sinfr) -+ Mf‘/Wu—Ww(COS Oh— sinfr)
f
+ j‘;{%Z#Z#(cos 0h —sinfr)+ EZEVWZL’V“JF(COS 0h — sin Qr)g

AJ‘%Z ZH(cos@ h — sinfr)?
+ o2 on (cos@ h —sinfr).

The field h(x) will be called the Higgs-dominated field and the field r(x) will be called the radion-dominated
field, because cos6 > | sinB)| in the interval —11/4 < 6 < 11/4 (we recall that 6 < 0 for m? < m?, ).

The effective four-dimensional interaction Lagrangian involves only five parameters
in addition to those of the SM:

« the masses of the Higgs-dominated and radion-dominated fields m, and m_,

* the mixing angle 0,
« the (inverse) coupling constant of the radion to the trace of the energy-momentum tensor of the SM fields A

» and the parameter ¢ that accommodates the contributions of the integrated out heavy scalar modes.
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Feynman rules

Triple vertices | Feynman rules
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Table calculations in CompHEP

CompHEP version 4.5.2rc10
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Similarity of the Higgs boson and the radion
production and decay amplitudes

The NNLO corrections are taken into account in the CompHEP computations and in the corresponding
analysis by multiplying the involved vertices by correction factors for each model parameter point such
that the partial and the total SM Higgs decay widths and the Higgs production cross sections in gluon
—gluon fusion are exactly equal to those presented by the LHC Higgs Cross Section Working Group.
Due to the similarity of the Higgs boson and the radion production and decay amplitudes including loops
the same correction factors have been used for the Higgs- and the radion-dominated states.

SM Higgs branch fractions as functions of m

Higgs
g = 1 T T T T T T T T T T _2
a S . TON| | ww ——33
= - bt e
D C Jda
s . 18
. =
% B cc
S
S10%E E
= -
u YY Zy
_3’_ q
10
- L
1 0‘4 1 1 1 ‘ Il 1 1 | 1 1 | 1 1 1 | 1 Il 1 1 1 1
80 100 120 140 160 180 200
My [GeV]

V. Bunichev, SINP MSU QFTHEP 2015 8



We examine two possible scenarios, where the observed 125 GeV boson is
either the Higgs-dominated state or the radion-dominated state.

At first we consider the case, where the
higgs-dominated state has mass 125 GeV
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Radion-dominated state branch fractions as functions of m

Radion
(Higgs-dominated state mass fixed at 125 GeV, N=3 TeV, c=c__)
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As well known the main decay mode of the light radion is the decay to two gluons due to the anomaly enhancement.
However due to a compensation in the gluon-gluon-radion vertex between the trace anomaly part proportional to 1/A

and the part proportional to sin6/v the vertex can be very small for some particular regions of the parameter space.
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Higgs-dominated and Radion-dominated states width
as a function of m and sin®

Radion

(Higgs-dominated state mass fixed at 125 GeV, N=3 TeV, c=c__)

Higgs-dominated state Radion-dominated state

s
” "
=> K crisn e
et XSS
o e
© 9 S S
n N 50 seige'
K = - A “ A

1 e aiige g

L‘ s S et e s aB
e T S S SO S
e e e et et e
{ AN et
et OSSO AT
somet’ TS
s . h.. "j‘r‘ LS
it s - renl
Pt ‘f—\"'-_-_—:..“-" - Rl
1 AT T
=

Becouse of the compensation between various parts of the interaction vertex of the radion-dominated state
with gluons the behavior of the total width modes in gluon-gluon fusion have some minima.

V. Bunichev, SINP MSU QFTHEP 2015 11



Partial cross sections as a functions of m and sin®

Radion

(Higgs-dominated state mass fixed at 125 GeV, N=3 TeV, c=c__, LHC Vs=8 TeV)
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Signal strength:

w, = i,signal teor where i is a number
O i, signal SM of signal channel

Avalilable experimental data provides the signal strength @i and corresponding error A @i

N Ni,bkgr

i,obs

N

0, =

i,signal SM

Global y2:
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Exclusion contours for the partial x2 as a functions of m__ . and sin®©

(Higgs-dominated state mass fixed at 125 GeV, N =3 TeV, c=c__, LHC: Vs=8 TeV.
The dark medium and light shaded areas correspond to CL of the fit 65%, 90% and 99%)
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The ZZ* mode gives restrictions on the radion mass region’above the Z-boson pair threshold,
where the cross section Is increased.

The narrow allowed region on the right plot appears due to the above-mentioned numerical
compensation in the interaction vertices leading to a smaller production cross section.

V. Bunichev, SINP MSU QFTHEP 2015 14



Exclusion contours for the combined 2 fit (gg - yy and gg — ZZ*)
as a functions of m and sin©

Radion

(Higgs-dominated state mass fixed at 125 GeV, A =3 TeV, c=c__, LHC: Vs=8 TeV.
The dark medium and light shaded areas correspond to CL of the fit 65%, 90% and 99%)
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Here an allowed region of heavier masses of the radion-dominated state is present, where its production
rate is decreased so that the corresponding state may be again allowed.
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Exclusion contours for the combined %2 fit (gg - yy and gg — ZZ*)
as a functions of m and sin©

Radion

(Higgs-dominated state mass fixed at 125 GeV, N=5TeV, c=c__, LHC: Vs=8 TeV.
The dark medium and light shaded areas correspond to CL of the fit 65%, 90% and 99%)
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If one considers larger values of the parameter A _, the cross section of the radion-dominated state
gets smaller and the allowed region for such a state is increased.
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Now we consider the case, where the
radion-dominated state has mass 125 GeV
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Exclusion contours for the combined x?2 fit (gg — yy and gg — ZZ*)

as a functions of m____and sin®
ggs

(Radion-dominated state mass fixed at 125 GeV, c=c__, LHC: Vs=8 TeV.
The dark medium and light shaded areas correspond to CL of the fit 65%, 90% and 99%)
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One may see that due to specific cancellations between the anomaly and the SM-like pieces in the couplings
to gluons and photons an additional small allowed region appears for some value sinus of the mixing angle.
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Conclusion

In the present work we have considered the Higgs-radion mixing arising in stabilized brane world
models due to merging the mechanism of stabilization of the extra dimension size and the Higgs
mechanism of spontaneous symmetry breaking on the TeV brane and discussed its
phenomenological consequences. This mixing is, similar in many aspects to the one arising due to
the Higgs-curvature term on the brane. However, an important difference is the presence of an extra
coupling at low energies of the Higgs-dominated field to the trace of the SM energy-momentum tensor
originating from the coupling of this field to the heavy scalar states of the radion KK tower.

In order to present the physics of the Higgs-radion mixing in stabilized brane world models, we
derived the effective Lagrangian and gave a qualitative description of the phenomena taking for the
masses, the coupling constants and the mixing angle consistent values. It turned out that, though the
interaction of an individual higher excited scalar state with the Higgs field may be weak, their
cumulative effect on the Higgs-radion mixing may be observable.

Our results show that the interpretation of the 125 GeV scalar state as a Higgs-dominated state is the
preferred one, although the radion component in this state can be rather large. Depending on the
value of the radion coupling constant A, the allowed regions for the mass of the radion-dominated

state have been found. It turned out that the radion-dominated state can either have a mass close to
125 GeV, or a mass above 300 GeV, the allowed regions growing with the growth of the radion
coupling constant A\ .

We have also shown that the interpretation of the 125 GeV scalar state as a radion dominated state is
not completely excluded by two leading signal strength measurements, though in this case the
restrictions on the allowed masses of the Higgs-dominated state are very stringent. The mass of the
Higgs-dominated state can either be close to 125 GeV, which is in accord with our analysis of this
State at 125 GeV, or have a value somewhat above 160 GeV for a non-zero value of the mixing angle.
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