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 ＊ We study production and decay of the radion in Randall-Sundrum (RS) model at the LHC taking account of the recent SM Higgs search
     by the ATLAS and CMS experiments. 

     - We investigate the constraints on free parameters of radion (ΛΦ, mΦ) from the result of SM Higgs search and the direct search of 
       1st KK graviton at the LHC.
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1. Radion in RS model

2. Constraints on ΛΦ and mΦ
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Randall-Sundrum model solves the gauge hierarchy problem
　
　

To solve the hierarchy problem
 　the parameter       should be 10 ～ 12
　　

　　　　　　　　

Randall-Sundrum metric is

Radion Φ is metric fluctuation and it couples to the trace of SM energy-
momentum tensor.

Randall, Sundrum, (1999)

Radion Φ：Metric fluctuation G55 , Scalar particle (spin=0)
  ⅰ ）  Production & decay are very similar to Higgs
  ⅱ ） Radion mass is O(TeV) and it is lighter than 1st KK graviton
  ⅲ ）Strength of coupling to the SM fields is proportional to 1/ΛΦ (O(1TeV))

It might be an indirect constraint on an extra (SM Higgs like) scalar.
In other words, we calculated  ...

Interaction of radion to SM fields :

 for fermion, W, Z, SM Higgs 

 for gluon, photon free parameters: 
ΛΦ, mΦ

 Experimental bound from LHC
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The interactions of the radion ! with the SM particles
on the brane are model-independent and are governed by
four-dimensional general covariance given by the follow-
ing Lagrangian:

Lint =
!

!!
T µ
µ (SM) , (2)

where !! = !!" is of the order of TeV and T µ
µ is the trace

of the SM energy-momentum tensor, which is given by

T µ
µ (SM) =
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µ W!µ #m2
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+(2m2
HH2 # "µH"µH) + · · · , (3)

where · · · denotes higher order terms. The couplings of
the radion with fermions f , gauge bosons W and Z, and
Higgs boson H are completely fixed by Eq. (2).
For the coupling of the radion to a pair of gluons (pho-

tons), there are contributions from 1-loop diagrams with
the top quark (top quark and W ) in the loop as well as
from the trace anomaly. The contribution from the trace
anomaly for gauge fields is given by

T µ
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For QCD, #QCD/2gs = #($s/8%)bQCD, where bQCD =
11 # 2nf/3 with nf = 6. Thus, the e"ective coupling
of !g(p1)g(p2), including the 1-loop diagrams of the top
quark and the trace anomaly contributions, is given by
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where yt = 4m2

t/2p1 · p2 with the gluon incoming mo-
menta p1 and p2. Similarly, the e"ective coupling of
!'(p1)'(p2), including the 1-loop diagrams of the top
quark andW boson and the trace anomaly contributions,
is given by
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where b2 = 19/6, bY = #41/6 and yi = 4m2
i /2p1 ·p2 with

i = W, t. In the above Eqs.(5) and (6), the function f(z)
is given by
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There have been many phenomenological studies of the
radion or dilaton at colliders [13] in the literature. More
recent works related to the LHC can be found in Ref. [14].

Decays and Production of the Radion.– With the above
interactions, we can calculate the partial widths of the
radion into gg, '', f f̄ , W+W!, ZZ, and HH . The
partial widths are given by

#(! & gg) =
$2
sm

3
!

32%3!2
!

-

-

-

-

bQCD+xt(1+(1#xt)f(xt))

-

-

-

-

2

, (7)

#(! & '') =
$2
emm

3
!

256%3!2
!

-

-

-

-

-

b2 + bY # (2 + 3xW + 3xW

$(2# xW )f(xW )) +
8

3
xt(1 + (1# xt)f(xt))

-

-

-

-

-

2

, (8)

#(! & f f̄) =
Ncm2

fm!

8%!2
!

(1 # xf )
3/2, (9)

#(! & W+W!) =
m3

!

16%!2
!

'
1# xW

.

1# xW +
3

4
x2
W

/

,

(10)

#(! & ZZ) =
m3

!

32%!2
!

'
1# xZ

.

1# xZ +
3

4
x2
Z

/

,

(11)

#(! & HH) =
m3

!

32%!2
!

'
1# xH

*

1 +
xH

2

+2
, (12)

where xi = 4m2
i /m

2
! (i = f,W,Z,H) and Nc = 3 (1)

for quarks (leptons). Note that the branching ratios are
independent of !!.
In calculating the partial widths into fermions, we have

used the 3-loop running masses with scale Q2 = m2
!. We

have also allowed the o"-shell decays of the W and Z
bosons and that of the top quark. The features of ra-
dion decay branching ratios are similar to the decay of
the Higgs boson, except the following. At m!

<( 140
GeV, the decay width is dominated by ! & gg, while
the decay width of the SM Higgs boson is dominated by
the bb̄ mode. At larger m!, ! also decays into a pair of
Higgs bosons (! & HH) if kinematically allowed, while
the SM Higgs boson cannot. Similar to the SM Higgs
boson, as m! goes beyond the WW and ZZ thresholds,
the WW and ZZ modes dominate with the WW partial
width about a factor of 2 of the ZZ partial width. We list
the relevant branching ratios of the radion in Table I for
m! = 123# 126 GeV. Just for comparison with the SM
Higgs boson, we also list the branching ratios and pro-
duction cross sections of the SM Higgs boson in Table II
(from Ref. [15]).
The production channels of the radion at hadronic col-

liders include

gg & !
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 Radion interaction to SM fields
 is very similar to SM Higgs.

We know the ratio of 
σ/σSM from SM Higgs search. 

 We studied production and decay of the radion in Randall-Sundrum (RS) 　
 model at the LHC taking account of the recent SM Higgs search .

h→ZZ

ｈ→WW

2 Randall-Sundrum 模型
2.1 ゲージ階層性問題の解決 (詳細)

現在良く調べられている余剰次元模型は数種類存在するが、我々は特に 1999年に Lisa Randallと
Raman Sundrumが提唱した“Warped Extra Dimension”（Randall-Sundrum Model、RS Model）
[2] に着目している。このモデルはまず 5次元時空を考え、余剰次元方向を S1/Z2 コンパクト化す
る。図 5に S1/Z2コンパクト化のイメージ図を記した。S1/Z2コンパクト化は !と!!を同一視す
る。このことを一般に orbifoldingという。

�

同一視
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12年12月13日木曜日

図 5 S1/Z2 コンパクト化のイメージ図
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図 6 fixied pointに置かれた 2ブレーンの間を S1/Z2 コンパクト化したModel (RS Model) のイメー
ジ図 (これは図 3と同じである)

更に、orbifoldingした２つの固定点 (fixed point) に各々 (3+1) 次元のブレーンを用意する (図
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 → We study allowed region of ΛΦ and mΦ.

When the radion is heavy enough, the W+W! decay mode is the dominant one, and the
branching ratio can be O(1). At the region m! ! 200 GeV, the ZZ decay branching ratio is
about the half of that of W+W!. Since these features are similar to those of the SM Higgs
bosons, we can make use of the W+W! and ZZ data for the SM Higgs boson searches to
the case of the radion as well.

At the low-mass regionm! ! 120 GeV, the radion can decay into a pair of photons mainly
via the anomaly term in addition to the contributions from W -boson and top-quark loop
diagrams. Although the partial decay width to !! is enhanced by the anomaly term, the full
width at this mass region is dominated by the gg decay width, which is also enhanced by the
contribution from the anomaly term. As a result, the branching ratio to !! is suppressed,
rather than enhanced, compared to that of the SM Higgs boson.

4 Constraint on radion mass and couplings from LHC

data

With the preparations in the previous sections, we are now ready to discuss the constraint
on the radion mass and couplings from the Higgs-boson search data at the LHC.

The ATLAS and CMS collaborations recently discovered the SM Higgs boson at mh "
125.5 GeV [33, 34]. At the same time, they have excluded the existence of the SM Higgs
boson at wide range of mh other than mh " 125.5 GeV from non-observation of pp # h #
W+W!, ZZ, !!. As already discussed by a number of authors [4, 5, 6, 7], these data can
be used to exclude the radion in the RS model since its production mechanism and decay
modes are similar to the SM Higgs boson.

In this paper, we use the CMS data for the W+W!, ZZ and !! decay modes of the SM
Higgs boson [41, 42, 43]. To evaluate the excluded region, we use the following method.
Below we explain it taking the ZZ channel as an example.

In the left panel of Fig. 5 of Ref. [42], the authors give values of the 95% CL limit on
"/"SM as a function of the Higgs boson mass mh, which is equal to the invariant mass of
the Z-boson pair in this case. We call this curve (the solid curve with the label “Observed”)
f(mh). To interpret this as a constraint on the radion, we impose the condition below,

!
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where the right-hand side should be evaluated with the understanding that mh is taken to
be equal to m!. The factors

%

L7TeVdt and
%

L8TeVdt are the integrated luminosities at the
LHC center-of-mass energy

&
s = 7 TeV and 8 TeV, and in the case of Fig. 5 of Ref. [42],

they are 5.1 fb!1 and 19.6 fb!1, respectively. "(pp # #X; 7(8)TeV) is the radion production
cross section at

&
s = 7(8) TeV, and similarly for the Higgs boson production cross sections.

In Fig. 3, we show the region in the (m!,!!) plane which is excluded by the condition
Eq. (4) and similar conditions in the W+W! and !! channels. The input data we use are
taken from Fig. 9 in Ref. [41] for the W+W! channel, the left panel of Fig. 5 in Ref. [42] for
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W+W!, ZZ, !!. As already discussed by a number of authors [4, 5, 6, 7], these data can
be used to exclude the radion in the RS model since its production mechanism and decay
modes are similar to the SM Higgs boson.

In this paper, we use the CMS data for the W+W!, ZZ and !! decay modes of the SM
Higgs boson [41, 42, 43]. To evaluate the excluded region, we use the following method.
Below we explain it taking the ZZ channel as an example.

In the left panel of Fig. 5 of Ref. [42], the authors give values of the 95% CL limit on
"/"SM as a function of the Higgs boson mass mh, which is equal to the invariant mass of
the Z-boson pair in this case. We call this curve (the solid curve with the label “Observed”)
f(mh). To interpret this as a constraint on the radion, we impose the condition below,

!
"

L7TeVdt · "(pp # #X; 7TeV) +

"

L8TeVdt · "(pp # #X; 8TeV)

#

Br(# # ZZ)

$ f(mh)

!
"

L7TeVdt · "(pp # hX ; 7TeV) +

"

L8TeVdt · "(pp # hX ; 8TeV)

#

% Br(h # ZZ)

$

$

$

$

mh=m!

, (4)

where the right-hand side should be evaluated with the understanding that mh is taken to
be equal to m!. The factors

%

L7TeVdt and
%

L8TeVdt are the integrated luminosities at the
LHC center-of-mass energy

&
s = 7 TeV and 8 TeV, and in the case of Fig. 5 of Ref. [42],

they are 5.1 fb!1 and 19.6 fb!1, respectively. "(pp # #X; 7(8)TeV) is the radion production
cross section at

&
s = 7(8) TeV, and similarly for the Higgs boson production cross sections.

In Fig. 3, we show the region in the (m!,!!) plane which is excluded by the condition
Eq. (4) and similar conditions in the W+W! and !! channels. The input data we use are
taken from Fig. 9 in Ref. [41] for the W+W! channel, the left panel of Fig. 5 in Ref. [42] for
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Figure 3: Excluded regions in the (m!,!!) plane from the SM Higgs boson searches in the
ZZ,W+W! and !! channels at the LHC.

the ZZ channel, and Fig. 5b in Ref. [43] for the !! channel. We find that the constraint from
the ZZ channel excludes wide region of the parameter space: For m! around 200 GeV, the
radion interaction scale !! is excluded up to 5 TeV. Even for m! = 1 TeV, !! is excluded up
to 2 TeV. We find that this is an interesting result since the RS model is supposed to solve
the gauge hierarchy problem, and !! is believed to be not very far from the weak scale.

Below the V V (V = W,Z) nominal threshold the bound from V V becomes much weaker.
In Fig. 3 we find that there is a parameter region which is excluded by W+W! but not by
ZZ or !!. Similarly, below the W+W! nominal threshold, there are small parameter regions
which are excluded by !! but not by W+W! or ZZ.

Before closing this section, we compare bounds on the radion parameters from the Higgs-
boson searches and those from the first Kaluza-Klein (KK) graviton searches. The mass mG1

of the first KK graviton in the RS model is given by [44]

mG1
= 3.83ke!k"rc, (5)

and this is related to !! via

!! =
!
6Mple

!k"rc , (6)

once the value of k/Mpl is fixed [16]. The ATLAS collaboration has reported the lower mass
bound on the first KK graviton in the RS model as mG1

> 2.23 (1.03) TeV for k/Mpl =
0.1 (0.01) [45], and this can be translated into the bound !! > 14.3 (65.8) TeV via Eqs. (5)
and (6). Although this is a stringent bound, if the value of k/Mpl is unity, then the lower
bound on !! is relaxed to a few TeV [4, 46]. In this case, our study presented in this paper
remains interesting.

5 Summary

In this paper, we have studied constraints on the radion mass and couplings in the RS model
from the LHC data on the SM Higgs boson searches. We have used the data for h " ZZ,
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・ΛΦ = 8TeV , mΦ ～ 260 GeV
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The result of previous study:
ΛΦ = 3TeV , 163 < mφ < 180 GeV.
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Comment on “Could the Excess Seen at 124! 126 GeV Be due to the

Randall-Sundrum Radion?”

Yong Tang
Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan

The excess seen at 125 GeV at both ATLAS [1] and
CMS [2] has attracted many considerations for new
physics beside the higgs boson in standard model(SM)
. One very interesting suggestion is [3] which shows that
Randall-Sundrum(RS) radion can be responsible for the
excess. The physics behind RS model lies with the fol-
lowing geometry for the warped space-time [4],

ds2 = e!2kT (x)|!|[!µ" +Gµ"(x)]dx
µdx" +T 2(x)d"2, (1)

where T (x) is referred to as the modulus field, Gµ"(x) as
graviton and k is a scale of the order of the (reduced)
Planck scale Mpl. To explain the hierarchy problem,
the compactification radius or the vacuum expectation
value(vev) of the modulus field, rc " #T (x)$, is required
to satisfy the relation krc % 12.
The radion # [5], identified as the scalar bulk field to

stabilize the modulus field, couples to SM particles as
Lint = #

!!
T µ

µ, where Tµ" is energy-momentum tensor

for SM particles and !# =
&
6Mple!krc$. This model

leads to a larger branching ratio for # ' gg or $$, rel-
ative to hSM ' gg or $$ in SM. As shown in [3], with
!# % 680 GeV, the excess observed at the LHC can be
explained by a 125 GeV RS radion with %(H)Br(H '
$$)/%BrSM % 2.1 and smaller values for other channels
relative to the corresponding ones in SM.
The analysis above does not take into account of the

constraint on other part of the RS model, namely the
searches for a massive graviton at the LHC. In this note,
we shall show that the results of LHC searches for gravi-
ton have interesting implications for the radion.
The nth massive Kaluza-Klein(KK) modes of Gµ" will

also couple to SM particles, L(n)
int = 1

!G
G(n)

µ" T µ" , where

!G = Mple!krc$ . The mass of the nth KK graviton is
given by MGn = kxne!krc$ = xn

k
Mpl

!G, where xn is the

nth solution of J1(xn) = 0, and J1 is the Bessel function.
In the following, we will focus on the first KK mode with
x1 = 3.83, MG " MG1

.
The couplings of the first KK graviton with SM parti-

cles are proportional to 1/!G or x1k/Mpl for a fixed MG.
Limits put on MG for specified k/Mpl can then be trans-
ferred to limits on !G, therefore on !# due to the rela-
tion, !# =

&
6!G. For example, using dijet final states,

CMS [6] with 1 fb!1 has excluded a RS graviton mass
below 1 TeV for k/Mpl = 0.1. A straightforward calcula-

tion gives that the corresponding !# =
"
6

x1k/Mpl
MG = 6.4

TeV. More recently, using dilepton final states, ATLAS
[7] with 5 fb!1 show that a RS graviton mass below

2.16 TeV is excluded at 95% confidence level also with
k/Mpl = 0.1, then the corresponding !# = 13.8 TeV.

A smaller value of !# then requires a larger k/Mpl,
although the latter of order 0.1 or less is preferred
theoretically[8]. However, a larger k/Mpl means a more
stringent constraint on MG because the cross section for
the graviton’s production at the LHC is proportional to
(k/Mpl)2. As shown in Fig. 1, when k/Mpl = 0.3, the
limit for MG is 2.8 TeV, then we have !# = 5.97 TeV.
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FIG. 1: Limit on the mass of RS graviton for various k/Mpl,
where the box points are taken from [7].

One may want to extend to even larger k/Mpl and
hope to accommodate !# = 680 GeV. The obstacle
is that there is an upper limit for k/Mpl theoretically

given by [9], k/Mpl <
!

3&3/5
&
5 ( 2.88. We show

the conservative constraint for large k/Mpl in Fig. 2. A
limit of MG = 3.5 TeV will give !# = 2.24 TeV for
k/Mpl ( 1. Even the largest but highly theoretically
disfavoured k/Mpl ( 2.88 results in !# = 0.8 TeV and
%(H)Br(H ' $$)/%BrSM % 1.5.

In summary, it is unlikely to have a 125 GeV RS ra-
dion with !# = 680GeV and accommodate with both
experimental and theoretically constraints.
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on mG are summarised in Table 2. Using a constant K-factor of 1.75, the 95% CL

lower limit from the diphoton channel is 1.00 (2.06) TeV for k/MP l= 0.01 (0.1), and

the combined 95% CL lower limit is 1.03 (2.23) TeV for k/MP l=0.01 (0.1).
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Figure 3. Expected and observed 95% CL limits from the combination of G !
!!/ee/µµ channels on ""B, the product of the RS graviton production cross section
and the branching ratio for graviton decay via G ! !!/ee/µµ, as a function of the
graviton mass. The –1" and –2" variations of the expected limit exhibit a tendency
to be particularly close to the expected limit at large mG. This behaviour is expected
as signals with large mG would manifest themselves in regions of m!! where the
SM background is small and the poissonian fluctuations around the mean expected
background are highly asymmetric. The theory curves are obtained using the Pythia

generator, which implements the calculations from Ref. [48]. A K-factor of 1.75 is
applied on top of these predictions to account for NLO corrections. The thickness of
the theory curve for k/MPl = 0.1 illustrates the theoretical uncertainties due to the
PDFs expressed at 90% CL.

A counting experiment is performed to set limits on the ADD model. Specifically,

the number of diphoton events is counted in a search region above a given threshold in
m!! . The mass threshold is chosen to optimise the expected limit on the di!erence in

the diphoton cross section form!! > 500 GeV between the ADD model and the SM-only

hypothesis. For the purpose of this optimisation, a specific implementation of the ADD

model and specific values of the parameters have to be chosen. For MS = 2500 GeV

arXiv:1210.8389 [hep-ex]
for the ATLAS experiments

1st KK Graviton mass is

Relation between ΛG and ΛΦ is

�� =
�

6
x1

Mpl

k
mG1

Thus the relation between ΛΦ and mG1 is

k/Mpl= 0.1 0.01

mG1 2.23TeV 1.03TeV

k/Mpl= 0.1 0.01

ΛΦ 14.3TeV 65.8TeV

∴

mG1

→  We obtained severe bounds @ high mass region.

Future Works ... 

   We will suggest that 

   γ-γ collider (as an option of ILC)
   might be able to give the severe 
   constraints on ΛΦ and mΦ

   @ large low mass region.
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Figure 3: Excluded regions in the (m!,!!) plane from the SM Higgs boson searches in the
ZZ,W+W! and !! channels at the LHC.

the ZZ channel, and Fig. 5b in Ref. [43] for the !! channel. We find that the constraint from
the ZZ channel excludes wide region of the parameter space: For m! around 200 GeV, the
radion interaction scale !! is excluded up to 5 TeV. Even for m! = 1 TeV, !! is excluded up
to 2 TeV. We find that this is an interesting result since the RS model is supposed to solve
the gauge hierarchy problem, and !! is believed to be not very far from the weak scale.

Below the V V (V = W,Z) nominal threshold the bound from V V becomes much weaker.
In Fig. 3 we find that there is a parameter region which is excluded by W+W! but not by
ZZ or !!. Similarly, below the W+W! nominal threshold, there are small parameter regions
which are excluded by !! but not by W+W! or ZZ.

Before closing this section, we compare bounds on the radion parameters from the Higgs-
boson searches and those from the first Kaluza-Klein (KK) graviton searches. The mass mG1

of the first KK graviton in the RS model is given by [44]

mG1
= 3.83ke!k"rc, (5)

and this is related to !! via

!! =
!
6Mple

!k"rc , (6)

once the value of k/Mpl is fixed [16]. The ATLAS collaboration has reported the lower mass
bound on the first KK graviton in the RS model as mG1

> 2.23 (1.03) TeV for k/Mpl =
0.1 (0.01) [45], and this can be translated into the bound !! > 14.3 (65.8) TeV via Eqs. (5)
and (6). Although this is a stringent bound, if the value of k/Mpl is unity, then the lower
bound on !! is relaxed to a few TeV [4, 46]. In this case, our study presented in this paper
remains interesting.

5 Summary

In this paper, we have studied constraints on the radion mass and couplings in the RS model
from the LHC data on the SM Higgs boson searches. We have used the data for h " ZZ,
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