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The Randall-Sundrum Model

e 3 space, 1 time (x*), 4+ 1 extra spatial dimension (y), orbifold: y=y+ 1, y = —y
e Standard Model particles on a “visible” brane (at y = 1/2),

e Planck mass scale physics on the “hidden” (at y = 0),

e Gravity in the bulk (for any y),
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The full 5d action:
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The strategy:

e Neglecting L},;4 and L,;s we solve the Einstein’s equations.

The RS metric
e~ 2moboluly | 0

9;;(33, y) =

0 | —b3

is a solution of the Einstein’s equations if:
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e An expansion around the background metric:
— Nuv — Nuv + Ehul/(ma y)7
— bg — bg + b(CB),
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for

Aw ~V2Mp;Qo, Ay =V3Aw, Qo=e ™0%/2 and  ¢o(z) = V6Mpje ™0 botb(2))/2
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Advantages:

e ”Solution” of the hierarchy problem:

All (!) mass parameters of the 5d theory of O(Mp;):
€ 2 ~ Mgl’ mo S Mpy, v~ Mp;, 1/bg ~ mgo /70

U

Effective 4d mass vg = Qofv\ — e~ ™o0b0/2% ~u 1 TeV
Drawbacks:
e (No stabilization < massless radion) = Goldberger-Wise model

e Fine tuning of the cosmological constants



The Curvature-Higgs mixing

Se=¢ / d'2/geis R(gvis) H'H ,
where R(gyis) is the Ricci scalar for the metric induced on the visible brane.
£=—5{1+67°¢} dolipo — 3dom3, do — 3ho(d+ mj, Yho — 6vEdolIho .
where ¢g(z) = V6 Mpje~m0(bo+b(2))/2 and
y=wvo/Ay for Ay~ V6MpQ
The mixing angle 6

2
mho

m?bo — m%o (Z2 — 36£2+2)

tan 20 = 12767 for Z2=1+6&y2(1—6¢) =3 — 366242,

The states that diagonalize the kinetic energy and have canonical normalization are h and ¢:
6 6
ho = (COSH — % sin@) h + (sin@ -+ % COSG) ¢ = dh + co

h
oo = —cos@% —I—Sinez = a¢ + bh.



The Lee-Quigg-Thacker bound for the Higgs boson mass
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Wy Wy, - WprWwp
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1
T(s,cosf) = 167 Z(2J+1)aJ(S)PJ(cos 0) with aj(s)= —/ T(s,cos0)Pj(cosB)dcosb
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For the SM for W' W, — W W, we have
w=ar () e () v
e divergent contributions for J = 0,1 and 2
e A-terms vanish by the virtue of the gauge invariance for J = 0,1 and 2
e for J =1 and 0, the B-term is cancelled by the Higgs-boson exchange
e eventually a; turns out to be my-dependent constant in the high-energy asymptotic

region, that implies the Lee-Quigg-Thacker bound for the Higgs boson mass:

1
Im(ay) > |as]? = Re(ay) < 5

U

mg SJ 870 GeV



Tree-level unitarity in WI_J_ W, — Gkk,H,p — WI_J_ W,

+

W W
w’ W7
Gy KK Graviton exchange
GKK
W W
_ _ W W
The massive graviton propagator
DB () = - (ﬁ“o‘ﬁ”ﬁ + 7P — gﬁ“”ﬁaﬁ) i
2 3 k2 — mé + i€’
where ntY = nt? — ’fy’;’;” for n** being the Minkowski metric.
G

The graviton couples to the energy-momentum tensor 7},,,, so the amplitude reads

TMVD“V’%BT@B for Ty, > ki, C



KK Graviton exchange



k,TH =0

o|TH|\Wiw, ) =

(0 0 0 0 \
0 l(1—26w)d] o +2(Bw — 2)dj s 0 — (s +4m?)d3
0 %Sdgo 0
\ 0 — L (st dm)d2 0 A1+ B )d + 20w — 22 s,

in the reference frame in which off-shell graviton is at rest. The scattering angle is measured
relatively to the direction of motion W, di L (cosO) = di L stands for the Wigner d function

and By =1 — 4m%/v/s.
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Note that the RS model is an effective theory (dim 5 operators: 7\\ huoTHY) having a cutoff
W

O(1TeV), therefore the amplitude should satisfy the unitarity conditionsup to /s ~ 1 TeV.
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where mgcal = ggv hmi + ggv ¢mi and R? = ggv , t ggv & satisfies the following sum rule
1—6¢)772
R2:1—|—[u] forfyziand2251+6§72(l—6§)
Z Ay
1 2y S 2 2 me 1
ag = (1-R%)— +g"R" —4—5~ Msca + graviton contributions | ,
327 v2 v2

The very first term is responsible for the large violation of unitarity

. s 1—66\2 s
r=a-mg = () AZ
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ff - Gkk,H,¢p — Z1 Z],

hz, h SM: t,u-channels h — ¢) s-channel GG s-channel
( o
/2 /2 1/2
(h, h) —2h =L — 4+ O(s) | 2hR2TL— + O(s0) | —hE %(dao + 3d) )+ O(s71/2)
(h, —h) 0 0 @@dgﬁ + O(sY)
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Determination of the cutoff for the Randall-Sundrum model

Aw =~ V2Mp;Qo),
Ay = V6MpQo=+V3Aw
mn, = moxnilo,

where QoM p; = e~™0%0/2 M5, should be of order a TeV to solve the hierarchy problem. The
xn are the zeroes of the Bessel function J; (x1 ~ 3.8, x9 ~ 7.0). A useful relation following

from the above equations is:

A
o with  0.01 < —20

P
_? < 0.1
" Mpi 6 Mpy

Y

Mn =T
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The RS model, no curvature-Higgs mixing

Summed KK Graviton Exchanges
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The amplitudes ag.1.2(s = A2?) and apg.1.2(s = A2 ) are plotted as functions of mqg/M p;, after summing:
1, b 1, W Pl

aj(s) = Z aj(mg = mpn,s). The plotted values of a; terminate when mqg/M p; is such that
n,2mp <+s

AN AN
2my exceeds Ay = V3Ayws or Ay, for the two respective s values above.
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The curvature-Higgs mixing model

Bound on £, KK Graviton Omitted

Unitarity
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The unitarity limits on £ for mjy; = 120 GeV when KK gravitons
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Unitarity Constraints on ¢ with summed KK exchanges
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The unitarity limits on £ after summing over all KK excitations with 2m,, < +/s.
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The van Dam-Veltman-Zakharov discontinuity

1
massless graviton : DHVaB () — Z (phe V5_|_ pB v pv o
g (k) = 5 (0”7 +n"%n 7777)/7€2H6
1 2 )
massive graviton : D‘“”O‘ﬁ(kz) — — (ﬁ“aﬁ’/ﬂ + gHBpre — _ﬁ/wﬁocﬁ) —
2 3 k me, + 1€
where nHY = nt? — k:bl;”
G

The s-channel graviton contributions to the amplitude for ff — Z; Z calculated both for

mg # 0 and for mg = 0 for possible initial state helicities (h = :I:%)

(hf, hy) mg # 0 mg =0
18 1/28—|—4m mfsl/2 2 18 1/28+4m mfsl/2 2 18— 2m2Z 0
(h, h) h3By " —= mZ, KT dg .0 h30; Az dgo+ 3 stam? dg o
(h, —h) fﬁl/Q ss+4ﬂ7% Ag d2 fﬁlﬂ S—I—im Ag d2
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Comments:

The amplitudes found for massless and massive gravitons are different.

Even in the limit mg — 0 the massive amplitude doesn’t coincide with the massless re-
sult. This is an illustration of the celebrated van Dam-Veltman-Zakharov discontinuity;

regardless how small is the graviton mass, its very presence has physical consequences.

Note however, that in all cases considered here, for J = 2, the limit mg — 0 of a
massive amplitude does reproduce the massless calculation, in particular there is no
discontinuity for opposite helicities. This result is consistent with the fact that the

massive graviton does not contain J = 0 component, while the massless one does.

Since the J = 0 component can not contribute to opposite helicity amplitudes, no

wonder in those cases there is no discontinuity.

The presence of J = 0 component of the massless graviton leads also to different high-
energy behavior of the amplitudes and therefore may influence the unitarity constraints
differently.
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Summary

The graviton exchange leads to divergent partial wave amplitudes for Vi,V — VLV,

aj x %, and therefore can substantially modify their high-energy behavior.
w

The tree-level unitarity requirement can be either adopted to determine the cutoff in

the Randall-Sundrum model or to impose constraints on the free parameter ]\?ng :

The results obtained here for the graviton exchange are applicable to models that have

massive gravitons which couples as %En?ﬁghﬁyT“’/ :

In the curvature-Higgs mixing scenario, the presence of the radion-Higgs mixing spoils
the cancellation of a1 0 o< s by the Higgs-boson exchange. Therefore the requirement
of proper high-energy behavior severely constraints the allowed region for the mixing

parameter £.

The van Dam-Veltman-Zakharov discontinuity was observed in the process ff — Z1,Z,.
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95% C.L. exclusion limits on the RS model parameters My and k/Mp;. The area below the
dashed-dotted line is excluded from the precision electroweak data. The dark shaded area in the lower

right-hand corner corresponds to A¢ > 10 TeV, which requires a significant amount of fine-tuning.
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Scalar scattering

For completeness we also consider processes of scattering involving scalars only. Here
however, there is no need to calculate SM-like diagrams involving only scalars since they don’t
contain any contributions growing with energy, so there is no chance for a compensation of
v =v?/ /A\%/V

First we need to derive Ghh, G¢op and Goh vertices for off-shell external particles. There-
fore one has to expand the curvature-Higgs mixing term around the R-S background metrics:

A A

S§ — f/d4x\/gvisR(gvis)HTH:

' 1
6¢ / diz Q {—D Q€ | by 010" Q — = (9 hli)OyQ + (8 hyuw )0 2t

1
QA0 — 0O ) hyw | + 0(62)} H{ Hy,

where € = (Mpi5)3/2.

Among all possible final and initial states made of ¢ and h, only the elastic Higgs-boson
scattering have a chance to provide a result which is not suppressed by 72 = v?/ /A\‘Q/V There-
fore below we focus on the graviton-exchange contributions to the process hh — hh. We
obtain the following contributions to the amplitude from the s- t- and u-channel:

_(Aph = Cpp)? s —4mj s

127 s — m2G ]\XQ/V

a'®) (cos 0)
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(Ann — Cpp)? 16(1 + cos Q)Qmi — 8(5 + 6 cos O + cos? G)mis + (13 + 10 cos O + cos? 6

(t) 0
a COS A
( ) 197 A%/V [2mé + (1 — cosO)(s — 4?71%)]
a(u) (COS 9) — a,(t) (— COS 0)
where
App = —6§7b(vb + 2d), Chp = d*

Integrating with the Legendre polynomials we obtain the following coefficients for the J = 2,1
and 0 partial waves.

Apn — Chi)? | m2
gy = A Cwn)” gy g log [ —< || == + O(sY)
967 S A%/V
ai = 0
Ann — Cnp)? | m?
ag = _Anh = Chn)” |y F12log [ =€ || == + O(sY),
96 S A2
_ | %74
Expanding in powers of v we get
7272 Ems
(Ann — Chh)2 =1~ (mi _ m%j)g + 0(74)

Note that for the scalar—scalar scattering, the Higgs and radion exchange could lead to terms
growing as s, however those cancel and the result is of the order of O(s?).

It turns out the as ~ 10~2 = 103 for reasonable set of parameters.
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