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Stabilized Randall-Sundrum model as one of possible extensions of SM

brane world model
one extra (5!") dimension
two branes interacting with gravitation and the real scalar field

the hierarchy problem is solved
ds® =e 4 dx*dx’ — dy?® =y, (y)dx" dx"
(%, y) = d(y)
the SM fields are localized on one of the branes
the stabilizing scalar field and gravitation

radion is the lowest Kaluza-Klein mode of the 5D scalar field appearing
from the fluctuations of the metric component corresponding to the
extra dimension



Radion couples to the trace of the energy—momentum tensor of SM

| r(X) T r(X) - the radion field, A, - dimensional
a u scale parameter,
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(anomaly terms are included)

The fermion part of Lagrangian for on-shell fermions is the same as for the
Higgs boson (with the replacement A= — v): r -
A,

But for the case of off-shell fermions it is different:
< r |3 AW f /M ff
L_—ZA—r[E((DMf)y f— Ty (Duf))+4mfff}+...

where DH are the SM covariant derivatives



The radion-strahlung as a simple example (me ~ O)

" A 2sin6,, cos6,,

______

M, =+3iICe (pz)F c (pl)s“(pz)r(p ) -L+__??_ICe (p)E e (R (p)r(py)
Using the Dirac equation p;e(p;) =0 and }?fgz =1 §+§—3:05
one can see g . |

M, +M;+M, =0 i.e. |I\/| |2 = ||\/|1|2 and the radion-strahlung
process is absolutely the same as the Higgs-strahlung process
(with the replacements M, > M, and A, ->v)




The observed cancellation follows from the structure of the fermion current
with the emission of the radion and a number of gauge bosons

1) One § § §
gauge boson: Uin(Pin) @1 SUout(Pout) Uin(Pin)e k1 Uout(Pout) — Win(Pin) $ Yout (Pout)
> T > > + > > T > + > >
+ + +
B % HF:

Let’s rewrite the fermion-radion vertex in the following way

1 |3 1 |3 3
ALI:E(/gout_l_ in)_4mf:|:AL|:E(/p(out_mf)+§</gin_mf)_mfj|:

/p+m
p_

i {38 (pm)+3s (Pout) — mf}, where S(p) = s the propagator.

2

D = |Cuout(pout)r S(k)|: (S (k)+S (pm)) f:luin(pin)

D2 = _iCUout(pout)|:_(Sl( pout) + S_l(ql)) :ls(ql)ru m(pin)

D = +|3CUout(pout)Fu |n(pin) D]_ iy D2 iy D3 S mf Corll_::‘igbglﬁ[-igl:leonlyl :




2) N gauge bosons:
(N +1) vertices
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> > 0 by > > .\\ > = > 0 b4 > >
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M, ~ iZN”ﬂm(pwt){Hr;smp}[—g(s1<q.)+ S7(k))+m, }
fore b=1%:: N —1; ><|:ﬁ S(kjl)]"i]:|fin(pin)

j=1+1

I\/IO - i2I\IWL1.I:—()ut(pout)|: 3(S_l(pout) i S_l(ko))-l_ mfOut :||:HS(kJ1)F:LJ :| fin(pin)

o2

M N i2N+1f—out(pout)|:HFngS(qj)i“:_g(s1(qN) - S_l(pin))-l_ mfin:| 1:in(pin)

M, ~ =5 fout<pout>{Hr,1,.S(q,ﬂ[—sr'u, ]{H s<k,-1>r¢,} f.(p,)
=t j=1+1
fo =2,..., N=1;

) . A0 ) N _ i2N+1and i2N—1
Ml S out(pout)[_Srul]|:HS(kj1)F:lji| fin(pin) U
g
(-1)

M N, b iZN_l fout(pout)|:HF:LjS(qj):||:_3FEN :| 1:in(pin) 7
Fel



Using the Dirac equation for in and out fermion states and S‘l(qj) X S(qj) =1
one can get 1 1

MI — MIH _EMll__M(u

1 : where M", M, M|/ are the
M,=M/'—=M, Higgs-like contributions which
21 are proportional to the fermion
MN:MlN_I_EMI'\I masses:
M II_I £ i2N+1 fout(pout)|:]i[r,ij S(qj):||:mf, i||: H S(kj—l)r:lj i| fin(pin)
j=1 j=l+1

L N _
IVlOI_I = i2N+1 out(pout)_mfOut :||:HS(k11)F:LJ:| fin(pin)
j=1

o -
IVlNH . i2N+1 out(pout) | Irijs(qj):||:mfm:| fin(pin)
| i=t

N N N the sum of all the contributions leads to
Z M, + Z M/=> M| onlythe Higgs-like type of the contribution
=0 = =0 and all the other parts are canceled out.
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Generalization to the loop case
The boson lines in the diagrams could correspond to real particles or virtual propagators
in the loops. In the case of a fermion loop there is an additional fermion propagator
instead of the external spinors at the tree level.

Y iZN”Tr{HFi,-S(qJ)M_g(S1(O||) ¥ S—l(k,))+ m, }{ 1] S(kj_l)l“ij }S(p)}

for Izl,...,lil—l; :
My ~ iz“”Tr{HFiJS(q,-)M—g(S1(qN)+Sl(pm))+ m}S(p)}
M~ ileTr{ﬁFiJS(q j)}[—gr; ]{lﬂ[ Sl YR }S(p)}

o= N =15

M, izN1Tr{[—3ril]{f15(kjl)rglj }S(p)}
M~ i2N1Tr{ﬁFiJS(qj)}[—3FEN ]S(p)} 3



In the same manner as in the previous paragraph one can get

MI N MIH _1M|’_EM|’+1
2 2
1 e | .
hﬂlﬂ S hA|T '—'Eilwqh] —-Ei'hﬂl

=z

=1

N N N
DM =>M+M =>M"-> M/

=1 I= =1 =1

Y M+ M =Y My

ISl =i =T

|

which demonstrates that all the contributions except for the Higgs-like type are
canceled out in the case of a fermion loop too.

We have shown that the additional fermion-radion terms in the interaction

Lagrangian do not alter any production and decay properties of a single
radion compared to those of the Higgs boson. Let’s now consider the
case of associated Higgs boson - radion production.
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Associated Higgs boson - radion production

et h et 'lh et o h et h
/4 h 4
A + A + in ->-4
A 4
e P e N e 1T e 7
—_—yl... »=m- —_— \
(] o
f K + M — RS
=¥ (p)i—Lh(p)i———5—1={ (<K +m, )= (g, -m, ) [+ m, tr(p)u’(p,) =

R ) R K'+m ;
— —jV (pl)AVf{_Z—i_mf k,zmiz}r(pr)u (p,)h(py)

Mz=Vf(p1);—ir{§[(ﬁ+mf)—(k—mf)]+mf}r(pr)i kjffr;”;i LU (p (P, -

f

=iV (pl)imT{—anf %}r(pr)us(pz)h(ph)
- >, n7 l mf
=V (p) )r(pr>u5<p2)=—nvf(p1)—7{ 4 jr(p.)u*(p,)h(p;)

Il | 2kr 4 h 11
VI (P)— U (P,) ZA( \By +4m: )r(p,)h(p,)

h




Using the simple kinematics computation
Ko =Py + P, = P, =Ky — P,

2K, Py = 2(Py + P Py = (P + P)* + P% = P° =K%+ p% = 7, =K +my —m;

2 2 2 2 2 2 2
one can get —(Zkh ph) +4mh g —k n— M, +m +4mh e i+ 2mh
2 2 2 2 2 2

and rewrite M, as follows m’ +2m’

N 11 .
M4:_IA_fVV r(pr)h(ph)(pl){_l_l_ k2 _m?

r i

So the sum of the amplitudes yields

. m o K +m K -masags m? +
I\/Irh :_IA—er(pr)h(ph)V (pl){mf kz_—m:2+mf ¥ S +

r

2

}us(pz)

+—
kim* 2 (2 k2 —m’

Comparing this with the result for the same process with double Higgs production

.m o K +m K +m 3m2 S
Mhh=—lv—§h(pm)h(phz)v (pl){m S — b }u

+Mm
f f

one can see the similarity (with the replacements m, —->m, and A, - v)

(P.)
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gg — rh

gg — hh

o)  h(k)  9()  h(k)  g(p)
g(pr) h(kg) g(pQ) h(kg) g(pz)
h(lﬁ)‘ g(p1) h(k1)

g Pl

h(k




All the amplitudes have the following structure

Mo d?l
M, = e(p),(p,) hik)h(k,) [ 2

Xiw(pp p21k1’k2) - for gg — hh (i=ﬂ)

: G i
M, :ngCr e(p.), &(p,),h(k)r(k,) | 7 X (PuPakike) for gg—th (i-17)
where
T UREEel s, ys, Ty srtemS ] om a0
TNy iV & To 1 a1 e gl L= ES +§5 -m 0, SRl
-t X, =3p FY S, v'S, (=m)S; TS, i A 24 i:%itﬁkl
:j<> Xy =35p :Vusl_l (_m)se_lyvss_lrs,4s4_l: % =k
)\ X =Sp[y*S,y's, (-m)S, ™ |D T =
j\ 2 = Sp :y“Sl‘lyVSZ‘l (+4m)S4‘1: D =(kj+k,)> —m?
X" =Sp s M (=3y")S, (-m)S, ]
X =5p[(-3r")S, 'S, (-m)S; ] y




After simple transformations one can get

Xlw - mzsp :VM81_1VV82_183_184_1: _ g XSLLV . % XGMV

sz e szp :7“81_1VV82_185_184_1: B g XslLlV - % X7w
P Tl 1

Xsw 3 mzsp _VMS1_186_1YVS5_184_1_ - E XGW e E X?lLlV

So the sum comes up to

X“V+X“V+X“V+X“V+X“V+X“V:EX“V+
il 2 B 5 6 7 4 S

+m?Sp| S, y'S, 8,718, |+ mPSp| y*S,y'S, S, 'S, |+ mPSp| v+S, 'S My, 'S, |

Next one can rewrite the h3-vertex in the following way
T = 24(k, +k,), K* = 2m7 } = (k, +K,)? + k7 — k.2 —4m? =[ (k, +k,)* —mj, |-m,? —2m?

:
2 2
_ "
2 2
(k1+k2) —Mmy

and multiply it with the reverse propagator DI -1

As a result one has

1 2 4 om,?
X, == X"+ mSp[1S,7y'S, 'S, ] g =T

(k1+k2)2 _mﬁl e




Finally the sum of all X.** for gg—rh yields

7
PRV
i=1
= m?Sp| y"S, 'S, 'S, 'S, |+ m?Sp| y"S, 'S, 'S, 'S, [+ m?Sp| y+S, 'Sy S s, |+
m?+2m,°

+mSp| y*S,y"S, 'S,
eSS -

The same expression for gg—hh is

m2Sp [y“sl—lyvsz—lsg—lsf] +m?2Sp [y“sl—lyvsz—lss—lsﬁ] +m?2Sp [y“sl—lsglyvs;ls;l] +
3.5

(kl + k2)2 - mﬁ

+m3p[y“sl—1yvs;1s4—1]

Thus we get that these two processes coincide up to the constants (masses,
vacuum expectation values) in the case of the anomalies being ignored.
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Conclusion

We have shown several examples of the radion-Higgs similarity in
single and associated production processes.

The same result can follow from the model without radion but with
the modified factor in the Higgs backreaction.

In the case of m_=m,, this model can’t be distinguished from SM.

L :—%(aﬂh)(a“h)—%m,ﬂhz M 1My

2 Vv 8 Vv’
(1 - for SM,
where = {8 mIrZ_mﬁ|
S,
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