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The Randall-Sundrum model as one of the possible extensions of the Standard Model (SM) predicts the existence of
the scalar radion which mass is somewhat smaller than that of all the Kaluza-Klein modes of the SM particles. The
radion interacts with the trace of the energy-momentum tensor of the SM and the fermion part of the interaction
Lagrangian looks similar to that for the Higgs boson of the SM except for some additional terms. The single radion
and associated Higgs boson - radion production processes are considered and it is shown that these new terms do
not contribute to the radion production and decay processes making them similar to the same processes with the

Higgs boson.

1 Introduction

One of the possible extensions of the SM is the stabilized Randall-Sundrum model [1], [2], [3], [4],. In the
framework of this model one extra dimension is added and a system of two branes interacting with the
gravitation and a real scalar field in 5-dimensional space-time is considered. The metric of the background
solution is not flat and contains an exponential factor whereby the hierarchy problem is solved. The SM
fields are localized on one of the branes and the distance between the branes is fixed by the additional
stabilizing scalar field. The stabilizing scalar field and gravitation propagate in the whole 5-dimensional
space-time. The lowest Kaluza-Klein mode of the 5-dimensional scalar field appearing from the fluctuations
of the metric component corresponding to the extra dimension is called the radion and it can be potentially
observed at the modern accelerators [1] - [7]. The radion couples to the trace of the energy-momentum

tensor of SM, so the interaction Lagrangian has the following form L = —1/A, (r(x)Tﬁ) , where A, is a

dimensional scale parameter, r(x) corresponds to the radion field and Tﬁ is the trace of the SM energy-
momentum tensor with anomaly terms included which can be written as follows

T) = B8 Gat Gl + B2 Fo FP7 + 1y [% ((DJ) LERRY (Dyf)) +4mfjff]
— (9uh) (9Fh) + 2m2h? (1 + %)2 B (Zm%,vW;W”‘ + M%ZPLZ#> (1 N %)2 0

where (gs), B(e) are the QCD and QED B-functions respectively, D, are the SM covariant derivatives and
the summation here is taken over all SM fermions.
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In the case of on-shell fermions the fermion part of the Lagrangian (1) is the same as for the Higgs boson
(with the replacement A, — v), but for the off-shell fermions there appear some additional terms which
may contribute to the radion production and decay processes making them different from the same pro-
cesses with the Higgs boson. Nevertheless there exist some processes involving off-shell fermions which
are similar to the processes with the Higgs boson. In the current work we consider single radion and Higgs
boson production in association with gauge bosons and associated Higgs boson - radion production pro-
cesses. For the both cases the similarity in the radion and the Higgs boson production is demonstrated. The
investigation of double Higgs boson production is an important task for the Higgs potential profile exper-
imental measurements. This problem is rather tricky even in the high luminosity mode of the LHC, being
one of the key arguments for the ILC creation. If, however, one of the multidimensional "brane world" sce-
narios occurs in nature, the presence of the radion can further complicate the problem of the Higgs potential
research due to the similarity of the Higgs boson and the radion properties.

2 Cancellations of additional to the Higgs-like contributions in the sin-
gle radion production processes

It can be shown [8] that all the additional contributions as compared to the Higgs boson case are canceled
out in the sum of amplitudes corresponding to the single radion production processes. This property fol-
lows from the structure of any massive fermion current emitting a radion and an arbitrary number of any
SM gauge bosons. One can observe it rewriting the fermion-radion vertex in terms of the inverse function
p? —m3

+my
boson emission take the following form

to the propagator S~1(p) = so the contributions to the single radion production with one gauge

Ml}t = _iCﬁout(Pout) r]t S(kl) [g (Sil(kl) + Sil(pin)) - mf] uin<pin) 2)
o 3, _

MZy = _lcuout(Pout) [E (S 1(pout) +S 1(%)) - mf} 5(%) r;t uin(pin) ®3)

Mz, = +i3 Clout(Pout) L'y Uin(Pin) 4)

where the constant C involves all vertex coefficients, is the Lorentz part of the vertices. Applying the Dirac
equation for the external fermions and adding together (2), (3) and (4) one can see that there remains the
only term proportional to the fermion mass, i.e. the Higgs-like contribution only. In the case of N gauge
bosons the sum of all diagrams can be expressed as a sum of 2N + 1 terms

N
MNvectorbosons = MO + Z(Ml + M;)r (5)
=1

where M; stands for the amplitudes containing the fermion-fermion-radion vertex and M - for that with
the boson-fermion-fermion-radion vertex Fig.1.

In the same manner as in previous case one can simplify the amplitudes and get the relations
1 1 1 1

_ H
My =M =3 2 2 2

M]— M, My=M—--M;, My=ME{-_My, (6)

where M(I){, Mg, Mﬁ stand for the Higgs-like contributions proportional to the fermion masses. With
consideration of this, it is easy to show that the sum of all the contributions leads to only the Higgs-like
terms and all the other parts are cancelled out Z{io M; + leil M = Zf\io MIH .



XXIInd International Workshop “High-Energy Physics and Quantum Field Theory”, June 24 — July 1, 2015, Samara, Russia

um(pmé ko1, . kia § ki % ki @ § @ gum(pm”)
e M

$ 4
k3R]
-1

Ty T I, ; r Ty
+
u,n(lm,é ky-a, é kit a g @ § a2, @ éw:(})am)
L ER3 T e
I'n T o T Iy
Y
. +
um(Pmé by, hin § Ky % QG § a2 ., @ éuour(pom)
LR hd R 2R7
Ty T irf Ty I,

Figure 1: The minimal set of the diagrams to demonstrate the cancelation of additional to the Higgs-like
contributions

The cancelation property remains valid for the loop case as well. The generalization to the loop case can be
done by replacing the boson lines with virtual propagators and external spinors with additional fermion
propagators in cases of boson and fermion loops respectively.

3 Associated Higgs boson - radion production in fermion collisions

Let us first consider an associated Higgs boson - radion production in fermion collisions (Fig.2).
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Figure 2: Feynman diagrams contributing to the associated Higgs boson - radion production in fermion
collisions

Corresponding amplitudes being simplified in the same manner as in previous cases have the following
form

My = (p1) —L 0 (pa) =y 2 (=264 40) r(pr) () 7)
h BT
1 m |3 K +mg s
My = —iv (Pl) T ) + mg 2 5 V(Pr) u (PZ) h(Ph) ®)
r _mf
oy 1 Ti’lf 3 K"‘ mf s
M3 = —iv (}71) A~ T2 + my m 7’(}77) u (PZ) h(Ph) ©)
r f
p— 1 myg s
My =—i? (p1) Ao {4} r(pr) w(p2) h(pn) (10)
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In order to get (7) in more comprehensible for summing up form one can modify it using the simple kine-
matical identities:

ph="kn—pr = 2kppp =20pn+p)pn = (Pt p) 2+ s —pr=ka+pi—pr =k +mi—m?  (11)

So (7) can be rewritten as follows

m m + 2m?
My = i o0 (p) r(p) hpa) § 14 =55 4 () (12)
Ar kh my,
Now it is easy to put (8), (9), (10) and (12) together and write down the sum of the amplitudes which yields
; _ K+ mg K+me 3 3 m2 + 2m?
M, = — r M AL R I it B QPP
= —i 3= r(pr) (pw) 7" (p1) n”kz—m§+ﬂvw2fm} 5 5t 47k%—m% u*(p2)
(13)
Comparing this with the result for the same process with double Higgs boson production
_ - k+my Famp o 3mp |
My = —i ﬁh(Phl)h(th)U (p1) § my W +my TR + 2 5 ¢ W(p2) (14)

h My

one can see the similarity (with the replacements m, — mj and A, — v).

4 Associated Higgs boson - radion production in gluon collisions

As another example let us compare two processes involving the gluons: an associated Higgs boson - radion
production (§¢ — rh) and double Higgs boson production (gg — hh), the corresponding diagrams are
shown in Fig.3 and Fig.4 respectively.
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Figure 3: Feynman diagrams contributing to the associated Higgs boson - radion production (¢g — rh)
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Figure 4: Feynman diagrams contributing to the double Higgs boson production (gg — hh)
One can notice that all the amplitudes have the following similar structure
2 'l

My = & epr)e(pa) bk k) [ s

X;’W(pll PZ/kll k2) forgg - hh’ i= 1’4’ (15)

4



XXIInd International Workshop “High-Energy Physics and Quantum Field Theory”, June 24 — July 1, 2015, Samara, Russia

2 dl .
Ml = Uglir €(p1>]/l e(pz)vh(kl) r(kz) / (Zn)d Xiyv(pll pz,k]/kZ) forgg - rh/ 1= 1/ 7/

where  X{" = Sp[y" Sy ¥ S2T23 S5 (—m) S4l, Xy = Sp[y" S19" So (—m) S5T54 S4),
X5" = Sp[y* S (—m) Se7" S5T'54 Sal, X4 = Sp[y" S17" S (—m) S4] DT,
XE" = Sply" S19" Sz (+4m) Sy, Xg" = Sp[y" S1(=37") S3 (—m) S4,

X;" = Sp[(=39") $19") Sz (—m) Ss),

(16)

where S]fl =(—g)—m D' =(ki+k)>—m? q1=0,q2 = —p2, g3 = —p2+ ko, qs = —p2+ ko + ky,

_m,
=— k1, g6 = k1, and I';; takes the following f Iy=
qs p2 + ki1, g6 = k1, and I'j; takes the following forms I';; {gsj1+gsll—m.

After simple transformations one can get

X1 = m?SplyH Sy S2 5354 — 3XE — 3XLY,  X§Y =m? Sp[yF S19Y S285S4] — 3 X — 5 XLY,
XY = m? Sply¥ Sy 867" S5 54] — 1X0" — 1Y,

So the sum comes up to

Xiﬂ/ + Xéw + ng + Xéﬂ/ + ng + X};V _
= 1 XL +m2 Sp[y" S1 7" S2 S3 Sa] + m® Sp[y* S1 9V Sy S5 Sa] +m? Sp[y" S1 S ¥ S5 S4.

Next one can rewrite the h3-vertex in the following way
U =2 { (ks + ko) Ky =202} = (k1 + ko) + I = I3 — il = [(ky + Ko)? = ] — mi? — 2

d multiply it by the i tor: DT/ — 1 — " +2m
and multiply it by the inverse propagator: =1- Gk
m2 + 2mz

1
As a result one has the expression for X} :  X}" = —~XL" + m Sp[y" S1 9" Sz S4] m

4

Finally the sum of all XZ.V " for the gg — rh process yields

7
Yy XM= m? Sply# S19" Sy S3 S4] 4+ m* Sp[y* Sy 9" S5 S5 Sa] +
i1
2 u v u v my+2m;
m*Sp[y* S1S6 7" S5 Sa] +m Sp[y¥ S1 1" S2 4] Ttk

The same expression for the g¢ — hh process differs only by a factor after the trace

2
3my,

m? Spl...] +m? Sp[...] + m? Sp|..] +m Sp]...] [CESEET

17)

(18)

(19)

(20)

2D

(22)

Thus we get that these two processes coincide up to constants (masses, vacuum expectation values) in the

case of the anomalies being ignored.
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It is interesting to notice that the same result can follow from a model without the radion but with a modi-
fied factor in the Higgs backreaction:

1 1 m2 1 m? 1 - for the SM,
L= —5 (3h) (9"h) — Emﬁhz — 27’%3 - gﬁh4, where &= {1 | e (23)
2m2

In the case of m, = m;, this model can not be distinguished from the SM. However this statement is valid
only for the processes in the first order of the radion interaction constant, in more complicated cases the
difference between the radion and the Higgs boson can be more significant and go beyond the simple
replacement of the Higgs potential parameters.

5 Conclusions

In the current work we have shown several examples of the radion - Higgs boson similarity in single and
associated production processes. First, the general idea of the cancellation of additional to the Higgs-like
contributions in the single radion production processes was demonstrated. Next the associated Higgs boson
- radion production was considered on two examples - in fermion and gluon collisions. In both cases the
radion Higgs boson similarity was shown. For such processes with one radion in association with Higgs
boson the same result can be obtained from a model with modified Higgs potential parameters and without
the radion, thought it is not the same for the processes with two and more radions or with virtual radion
decaying into two radions. The radion pair production is not considered in the current work being a model
dependent and a complicated study due to adding the terms of higher orders to the Lagrangian.
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