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In the context of the brane-world scenarios with compactified large extra dimensions, we study the produc-
tion of the possible massive brane oscillatidibsanons$ in electron-positron colliders. We compute their
contribution to the electroweak gauge bosons decay width and to the single-photon and gimgéesses.

With CERN LEP-I results and assuming nonobservation at LEP-Il we present exclusion plots for the brane
tensionr=f* and the branon madd. Prospects for the next generation of electron-positron colliders are also

considered.
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I. INTRODUCTION massive branons in electron-positron colliders, in order to get

bounds on the brane tension and the branon mass in the
In recent years a lot of attention has been paid to th@bove-mentioned scenario where the brane tension tcale
so-called brane world or Arkani-Hamed—Dimopoulos—Dvalimuch smaller that th&-dimensional fundamental scale of
(ADD) scenariod1] in which the standard model particles 9ravity Mg . The paper is organized as follows: in Sec. Il we
are confined to reside in the world brane and only graviton%ef'ne our setup and give the effective action for massive
are free to move along tf2-dimensional bulk spac@ee[2] ranons. In Sec. Ill we obtain their couplings to the SM

for recent reviews The phenomenological consequences 01;:)art|cles, and in Sec. IV we discuss the kind of bounds which

these real or virtual gravitons, described in terms of thei © possible to set on the brane parameters: namely, the num-

. : . . . ber of branonsn, their masdV, and the brane tension scale
corresponding Kaluza-KleifkK) towers, in colliders or in . Section V is devoted to the analysis of th@visible width
_astrophysical and cosmological scenarios, have been t_he 08rd Sec. VI to thaV decay. Direct searches based on single-
ject of many recent workésee[3] and references theréin 401 and singl processes are considered in Sec. VIl and
However, in addition to the gravitons and the standard modelyanded to future linear colliders in Sec. VIII. Section 1X
(SM) particles, one has to consider in principle the possibil-yffers the summary and the main conclusions of this work. In
ity of having also brane oscillatior{branons. In fact, it has  aqgition, the relevant Feynman rules are shown in Appendix
been shown that these branons or, equivalently, the brang |n Appendix B the probability amplitudes are calculated
recoil give rise to an exponential suppression of the coufor the relevant processes, and in Appendix C it is possible to
plings of the SM particles and the higher KK modé$ in  find some two-body phase-space exact integrals which were
such a way that, in thé<M regime (where 7=f% is the  used in this work. Finally, Appendix D contains some ex-
brane tension andVig is the D-dimensional fundamental plicit expressions for the cross sections.
scale of gravity, the most important modes at low energies
are the SM particles and the branons. Moreover, branons can  !I- EFFECTIVE ACTION FOR MASSIVE BRANE
play a role in the solution of some problems appearing when FLUCTUATIONS
the flexibility of the brane is not taken into account such as  \y,e will consider a single-brane model in large extra di-
divergent virtual contributions from the KK tower or nonuni- ensions. In such model, our four-dimensional space-time

tary graviton production cross sections. M, is embedded in &-dimensional bulk space which, for
The effective action for the SM fields on the brane WaSgimplicity, we will assume to be of the forml o =M X B.

obtained in[5]. The introduction of brane fluctuations was thao g space is a giveN-dimensional compact manifold, so
done in[6], where the interaction between branons and th,5tp =4+ N. The brane lies alonyl,,, and we neglect,its
SM particles and the branons self-interactions were obtainegyninytion to the bulk gravitational field. The coordinates

including also the possibility of having nonvanishing branon arametrizing the points iM, will be denoted by X“,y™)
masses due to the nonfactorization of the extra dimensiofjore the different indiceDs run ag=0,1,2,3 a’nd m

Space. =1,2,...N. The bulk space is endowed with a metric

h Th% effecttsd(_)fdbr?ne rec0|ll onﬁrealdgrawt_o? IOerduc_t'ontensor which we will denote by, with signature ¢,
ave been studied, for example, [ifil and on virtual gravi- -,—,...,—,—). For simplicity, we will consider the fol-

tons and gauge bosons|i®,9]. Some constraints from astro- lowing ansatz:
physics on the brane tension were considerdd @, and the '

direct production of branons in colliders was discussed in E] J(X) 0
[11], for massless branons in both cases. Gun=| ~, . (1)
In this work we are interested in the production rates of 0 ~Omn(Y)
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The position of the brane in the bulk can be parametrized According to the previous discussion, we can write the

as YM=(x*YM(x)), with M=0,...,3+N and where we induced metric on the brane in terms of branon fields as
have chosen the bulk coordinates so that the first four are

identified with the space-time brane coordinatés We as- _ _9Y™ gyn

sume the brane to be created at a certain poinB,in.e., g,uv:guv(x)_gr,nnﬁ ﬁ%ﬂaﬁﬂﬁ- (4)

Y™M(x) =Yg, which corresponds to its ground state.
The induced metric on the brane in such state is given by
the four-dimensional components of the bulk space metric,

ie., ngﬁszw. However, when brane excitations are

Introducing the tensohn,g(7) as

. PRI ~ aY™ gy"
present, the induced metric is given by hos(m)=F4g5:(Y () R (5)
dm® 9P
g,uv:ﬁ,u,YMaVYNGMN(XIY(X))
~ ~ we have
=0,,(6Y(X))=3,Y"9,Y g (Y(X)). (2)
Since the mechanism responsible for the creation of the J,=0,,(X)— ihaﬁ(w)ﬂ w9, TP, (6)
brane is in principle unknown, we will assume that the brane a a 4 a

dynamics can be described by an effective action. Thus, we

will consider the most general expression which is invarianBBranons are massless only if the isometry pattern introduced
under reparametrizations of the brane coordinates. Followingefore is exact. However, in general, the symmetry is only
the philosophy of the effective Lagrangian technique, weapproximately realized and branons will acquire mass. In
will also organize the action as a series in the number of therder to show this mechanism explicitly, let us perturb the
derivatives of the induced metric over a dimensional confour-dimensional components of the background metric and
stant, which can be identified with the brane tension stale |et§W depend, not only on thecoordinates, but also on the
From this point of view, to the lowest order in derivatives wey ones:

find

(7)

ss=f dx\g(— 4, ® G =
My

whered“x /g is the volume element of the brane. Notice that This has to be done in such a way that GB) piece of the
this lowest-order term is the usual Dirac-Nambu-Goto acfull isometry group is explicitly broken. Notice that the
tion. However, in certain circumstances the effect of thebreaking of theG(B) group by perturbing only the internal
higher-order terms must be taken into accourf|. metricg;, (y) does not lead to a mass term for the branons.

In the absence of the three-brane, the mdttfjqpossesses In order to calculate the branon mass matrix, we need to
an isometry group which we will assume to be of the formknow first the ground state around which the brane is fluc-
G(Mp)=G(M4)XG(B). If the brane ground state is tuating. With that purpose, we will consider for simplicity
Y™M(x)=Y{', the presence of the brane will break spontanethe lowest-order action, given by
ously all theB isometries, except those that leave the point
Y, unchanged. In other words the gro@g§B) is spontane- PRV
ously broken down t#i (YY), whereH(Y,) denotes the isot- Sl 7= fM4d4X£(O): _f4f,v,4d4x 9. Y(x))., (8
ropy group(or little group of the pointY,. Therefore, we
can introduce the coset spac&=G(Mp)/[G(M4)  which will have an extremum provided
XH(Yq)]1=G(B)/H(Yy).

Let H; be theH(Y,) generatorsi=1,2,...h), X, [« 1 = _ -
—12,.. k=dimG(B)—dimH] the broken generators, ~ dSf m]=0=5\g= 5@9’”5gw=0=>g“”ﬁmgw
and T=(H,X) the complete set of generators G{B). A
similar separation can be done with the Killing fields. We =0,Yy™. 9)
will denote &; those associated with thd; generatorsg,
those corresponding %,,, and byé,(y) the complete set of This is a set of equations whose solutigfi(x) determines
Killing vectors onB. As shown in[6], the excitations of the  the shape of the brane in its ground state for a given back-
brane along the directions of the broken generatoB ©br-  4r4yng metriag,,, . In addition, the condition for the energy
respond to the zero modes and they are parametrized by th§ pe minimum requires
Goldstone bosonébranon fields 7*(x), which can be un-
derstood as coordinates on the coset manifoltVhen theB 5270 _ ¢4
space is homogeneous, then the cdsés isomorphic toB -
and the isometries are just translations. In this case the brasY™sY"|, _, 4
non fields ¢r) can be identified with properly chosen coor- 0
dinates in the extra spac®). <0; (10

\/gal-w( anamauv_ Zapao"na vrrama,up)
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i.e., the eigenvalues of the above matrix should be negativenal and geodesic in a neighborhood¥gf and, in particular,
This implies that the static Lagrangian should have a maxithey cannot be angular coordinates. This implies that we can
mum. write h,g(m=0)=6,p.

In order to obtain the explicit expression of the branon Assuming for concreteness that, in the ground state, the
mass matrix, we expand,,(X,y) aroundy™=Yg' in terms  four-dimensional background metric is flat, i.éw(x,Yo)

of the = fields: =7, the appearance of th\egiaz___aiw tensors in Eq.
~ - - (11) could break Lorentz invariance, unless they factor out as
9ur(XY) =00 (X, Y0) + InG (X, Yo) (Y= Y5) VO o a=ME oo 1 [(417). With this assumption,
1 . the linear termv/{}), vanishes identically due to the condition
5 ImInGus (% Yo) (Y= Yg) (Y= Yg) + - - - of minimum for the brane energip), and theM?) coeffi-

cient in the quadratic term can be identified with the branon
mass matrix. Thus, in general and for the square root of the

ZEJW(X,Yo) + %V(alﬁﬂ“f %Vfgw,w“wﬁ metric determinant we find
1(3) a By \/—— luv aﬁl(Z)aﬁ
+f_3vaﬁwv77 aPaY+. .. (11 g—l—ﬁn Oupd, 9, +FMQ'BW s R

(16)
The linear term in branon fields is written as

Notice that this expression requires that bath/f?> and
(12) M272/4 be small. This includes different types of expan-
sions, such as low-energy expansions with small branon
masses compared foor low-energy expansions with pos-
sible large masses and smallf factors.
The different terms in the effective action can be orga-
nized according to the number of branon fields:

m
a

1 -
fVil;ZyzﬁmgW(X,y)

e
y—v, ki

while the quadratic term takes the general form

e 1a 5 )| At
— =— Y X, Ly —————
o2 eI 0 gmagmt =0 (0) (2)
i Serd m1=Serl mI+ Sl 7w+ - -, (17)
1 -~ Entp
+ — 1 -
2(9m<9ngw(x,y) 254 (13 where the zeroth-order term is just a constant. The free ac-

=Y . . .
= tion contains the terms with two branons:
and we have not written the explicit expression ¥df}, ,,
since it will play no role in the present work. Here, we have ) 1 )
used the fact that the action of an elemenG¢B) on B will SA 7= EJM d*X( 84, T TP —M aﬁw“wﬁ).
4

map Y, into some other point with coordinates (19)

1
YM(X)=Y"(Yq, 74(X))= YT+ — £M(Y) m4(X) + O(7?),
(x) (Yo, m(x))=Yg kfzr_fa( 0) T (X)+O(77) lll. COUPLINGS TO THE STANDARD MODEL FIELDS

(14 As we have shown in the previous sections, the induced

where we have set the normalization of the branon fields and'€!"c on. the brane d(ipends on both the fgur-dimensional
Killing fields with k2=16m/M2 being Mp the four- bulk metric componentg,,,, and the branon fieldsr®. As

dimensional Planck mass. Substituting the above expressidiPticed in[8], in the limit in which gravity decouples!e

back in Eq.(6), we get the expansion of the induced metric — *- the branon fields still survive. This implies that their
in branon fields: effects can be studied independently of gravity. With that

purpose, in the following, we will consider their couplings to
B 1 1 the standard model fields in the absence of gravitational
9uv=9,(X,Yo) — fjéaﬁ&ﬂw“&,,wmr ?VS}Z,,W“ background field, i.eg,,=7,,. In order to obtain the gen-
eral couplings, one can proceed a$6i where the action on
1 the brane, which is basically the SM action defined on a
+ VA panBiO(md). (15  curved space-timi,, is expanded in branon fields through
f2 “Pry the induced metric. For example, the complete action, in-
cluding terms with two branons, contains the SM term, the
We have also used the fact that sine® must be properly  kinetic term for the branons, and the interaction terms be-
normalized scalar fields, thé™ coordinates should be nor- tween the SM particles and the branons,
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[ _ _
SB:JM d*x gL — 4+ Lsw(9,,)] Te"=71d(y*D"+y"D¥) = (D ¢y*+ D 4y") Y
4
4| 4 Lo wy B 2 “Hi(y’D, =D,y = 2my i}, (24)
= M4d x| —f +£3M(7]w)+§7]“ 8p0, ™0, 27 YTy AddN
1 where again we assume the fermion fiéldo be in a certain

A i(45 PR representation of a gauge group with generaidtsand the
2P g4 pRT T covariant  derivatives are  defined asD,=d,

—hTaAZ[cV(a)—cA(a) vs], where, in general, the vector

and axial couplings could be different. The Feynman rules

will contain the following types of verticesimiyy and

TmPPA.

whereT§y(7,,) is the conserved energy-momentum tensor

of the standard model evaluated in the background metric: C. Gauge bosons

— M2 7P 7, T 1) |+ O(%), (19

SC For the Yang-Mills action on the brane we can follow
TEY=— (“QMLSW_Z NS’V'> (20  similar steps. The Lagrangian is given by
g “Yrlg,,=n,,
Lp=— ZFaMFZﬁ‘EFP, (29

It is interesting to note that there is no single-branon in-
teractions which, as commented above, would be related t@nare
Lorentz invariance breaking. In addition the quadratic ex-
pression in Eq(19) is valid for any internaB space, regard- Fo = 0,A—d,A% — hC2P°APAC (26)

=~ wwe
less of the particular form of the metrig,,,. In fact, the andLgp is the Fadeev-Popov Lagrangian, which includes the

form of the couplings only depends on the number of brano%auge-ﬁxing and ghost terms. The gauge symmetry can be

fields, their mass, and the brane tension. The dependence Bontaneously broken in such a way that the gauge fields

:;Shg?%r:jeetg of the extra dimensions will appear only atacquire massell , through their couplings to the scalar sec-

- . . . tor (21). In that case, a renormalizable gauge will be used in
corl;:tsggng(:;\i/rfgﬂ::ee;isrrl:gz ffJ&ec(gEegin;oﬂ?,gsigf :s:)desﬁ;::ethe calculation_s._ It is interesting to n(_)tice that fche metric usgd
(we will follow the notation in[6]) '% the gauge-fixing term cquld be elthgr the _mdu_ced metr.|c

' or the flat background metric. Both choices give rise to valid
gauge-fixing expressions. The second one is, however, sim-
A. Scalars pler because it does not introduce new couplings between
For a complex scalar field with massmg in a certain  9auge or Goldstone bosons fields and branons. The same

representation of a gauge group with genera’ﬂ'&:sthe La- criterion has to be taken for the ghOSt Lagrangian, which will

grangian is given by not be studied here since we are only interested in the tree-
level analysis.
,CS:(DM(D)TDWI)—mfI,@TCI), (21 The energy-momentum tensor takes the form
_ . . . 1 )
whose energy-momentum tensor IS given by TK :F?aFi{} 770')\ np,u,’]f)v_l_ Z np)\ 770'07’/.LV +Tf:LP1
T&'=—»*((D,®)'DP®—mi®'d)+(D*®)'D*® 27
+(D"®) D D, (22)  and from this interaction action, one finds the Feynman rules

for vertices likermAA, mmAAA, and mmAAAA

where the gauge covariant derivative has the usual form We see that in all these vertices, branons always interact

'

man rules for the following types of verticestm®d d®, geometric origin, those interactions are very similar to the

amr® DA, andmrd TDAA. gravitational ones since the fields couple to all the matter

fields through the energy-momentum tensor and with the

same strength, which is suppressed bf/dactor. In fact,

branons couple as gravitons do, with the following identifi-
The Lagrangian for a Dirac fermion field with massg,  cation:

reads

B. Fermions

1
—. o o ‘B
and its associated energy-momentum tensor is where h,, is the graviton field in linearized gravity.
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IV. CONSTRAINING BRANE-WORLD MODELS In the following, we will compare the data coming from
. . LEP with the predicted cross section for different processes
In the brane-world scenario, with<Mg, the relevant in which we expect high sensitivity to new physics. In par-

low-energy excitations on the brar_1e corrv_aspond to t_he bran[Tcular we will concentrate on the branon contribution to the
ons rather than to the Kaluza-Klein graviton excitations. In.

such a case and provided the energy scale of present acc'qy isible width of theZ boson, to the decay rate of tWé*
) P 9y P ; %osons, and to direct searches with single-photon and single-
erators is well below both the fundamental scale of gravit

V. . S . )
M and the brane tension scaiebut is large compared to Z vertices. This will allow us to set bounds on certain com

the branon masM, such branon fields will be produced in binations of the above parameters.
the collision of SM particles. Moreover, the calculation of
the corresponding production cross sections could be per- V. BOUNDS FROM THE Z INVISIBLE WIDTH
formed by using the effective theory described in the previ-
ous section.

In principle, there would be new physics related to both

In the standard model, the full decay width of th&oson
has three types of contributions, coming from charged lep-

. . tons, hadrons, and neutrinos, respectively. The third one cor-
the KK gravitons and the branons, but the dependendaron responds to the so-called invisible width, since neutrinos es-

each case s compIe_ter differe_nt._For example, the beha\_/io(gape without producing any signal in the detectors. In
of typical cross sections for missing energy processes, i.e, i

KK graviton and branon production processes become%rindple’ physics beyond the SM could also give rise to
9 P b ’ . “invisible decays o¥ and therefore to deviations with respect
large for both small and large values of the brane ten§ion

: . to the SM predictions.
[10]. The cross section for a small valuefds governed by . _
. : The precision measurements done mostly at CERN
the branon production process, while for a large value, the . . . o)
. X ) : collider LEP-I set stringent limits on th2 invisible decay
KK gravitons production rate dominates. Therefore if the_ . : .
brane tension scale is smaller than the fundamental ravitéN'dth’ which can be translated into strong bounds on the new
. L nal gravita, o nnels contributing to such process. In fact in the follow-
tional one, then the first indications of extra dimensions.

. : : ing, we will show how it is possible to get lower bounds on
would be given by the production of branons. This wouldthe brane tensiohcoming from light branonsNI <M /2) in
allow us to measure the brane tension and the branon ma 9 9 z

. Which the Z could decay. Since branons are stable and
or, if branons are not found, at least to set bounds on suc . . .
parameters chargeless particles, they would also avoid detection.

. . . . , , In this section we calculate the first-order contribution
The effective couplings introduced in the previous sectlorh m branons to this width, which is given by the decayZof
provide the necessary tools to compute the cross sections and o branons and two ,neutrinOS'
the expected rates of new exotic events in termkaofd the |
branons masses only. In fact, with a rotation in the coset
spacekK, the branon mass matrix takes a diagonal form. We b —
will assume that there amebranons with the same mabk 70 Z—v(py),v(p2) m(Ky), m(Ky).
If the branons masses are similar, this would be a good ap-
proximation. In the opposite case, with very different
masses, we could neglect the heavier fields and consider only We use the expression for the probability amplitudes in
the production of light branons. In these simple cases, all thédppendix B, Eq.(B2), calculated with the Feynman rules
cross sections will be parametrized by three unknown parangiven in Appendix A. We integrate over the branon two-body

eters: phase space making use of the formulas in Appendix C. The
n: number of branons, result is averaged over the thréeolarizations. In addition,
M: mass of the branons, such expression should be divided by 2 because the outgoing
f: brane tension scale. branons are indistinguishable. Thus we get

b 2 2
d%%l:jzsﬁz = % 61440‘83776t2u2(|\/I2§M—Ztr;(M§— YT \/1- %[ZOM2M§(2k2—5M2)t2u2[M§(25— k?)+tu]
+(K2—4M?)2(stu s(k?+ M3) +4tu][ 2s(k?+ M2) + t2+ u?]+ (t2+ u?)(2s+ 2k?+ M2)ME— [ 6s(t3+ u®)
+682(t2+ u?—tu) + 3tu(t— u)?+ t*+ u*IM S+ M3{ 2% 2(12+ u?) — 5tu] + 287 3(t3+ u®) — 5tu(t+u)]
+s[2(t*+u?) + tu(t?+ u?—8tu) |+ tu[t3+ ud— 7tu(t+u) |} — M2{s*(t—u)?— 8t3us+ 253 t3+ u®

—2tu(t+u)]+2sty t3+ ud—3tu(t+u) ]+ s t*+ u?+tu(t?+ u?—14tu) 1)), (29

075010-5



ALCARAZ et al. PHYSICAL REVIEW D 67, 075010(2003

where we have used E@B2) with cy=cp,=1, M,=M, sr} e’
and the coupling constarti=g/(4 cosé,), with 6, the 25 o X170 (G
Weinberg angle. We have also made use of the Mandelstam
variabless= (p;+ p,)?2, t=(p1—q)?, u=(p,—q)?, andk?
=(k,+k,)?, although only three of them are independent
becauses+t+u=k?>+M3.

We can also compute the above differential cross section
in terms of (noncovariant variables with a more physical
interpretation, namely, the energies of the outgoing neutrino
and antineutrinop?=E, and pS=E,, respectively, and the
angle between their three-momemtaln terms of these vari-
ables we have 10 20 30 40

20

15

10

s=2p?p5(1—cosé), M (Gel)

FIG. 1. W* andZ widths as a function of the branon mass. Both

_ 0
t=Mz(Mz—2py), plots correspond to a single channel. We have extracted the depen-
dence on the brane tension and the number of branons in the factor
u=Mz(M,—2pd). (300 f8n.

The total width is calculated by integrating the above expresinvisible width into branons, we have to multiply by a factor
sion with respect to the three variables within the followingof 3 because there are three different neutrino families.

kinematic limits: The key observation is that at the 95% confidence level,
) 5 the variation of theZ invisible width cannot be larger than
o . | Mz—4M 2.0 MeV[13]; i.e., the contribution from new physics satis-
pie l 1= 0, ) .
2M5 fies
new,
. MZ(MZ_Zpg)_‘lMZ FZ (n,f,M)<20 MeV. (35)

poel=|0

2(Mz—(1—coso)p) It is then possible to find bounds for the different brane pa-
rameters just imposing the above limit on E§3). For ex-
cosfelo=[—1,1]. (31)  ample, if branons are massless, the bound depends only

. i ] on the number of branons:
The final result, depending on the three undetermined param-

eters, reads f>11.9 n¥® GeV. (36)
ro(n.f.M) f dry 400402 cosd On the other hand, in the case of one branon, we show the
n,t,M)= o cosé. : : - _
z 1ox11x1, dpddpSd cosé P10P; exclusion plot in thef —M plane(see Fig. 2

(32

12
The integration over the rest of angles has been done imme

diately because the decay rate does not depend of them. Itis ., 10
interesting to note that the dependence on the number o
branons,n, and brane tensiohfactorizes, and only the de-
pendence oM is nontrivial:

UNEXCLUDED

9

b nM3z
I'z(n,f,M)= 8 H(M/Mg), (33
wherell(x) is a dimensionless function, which depends on a 30

single dimensionless variable and which can be easily calcu

lated from EQq.(32). For example, for massless branons a
numerical integration gives [ tnerctuded area by the nisible zwicth of the 95% CL.

M (GeV)

. Excluded area by the invisible Z width at the 95% CL.
9

b n z . Excluded area by the visible W width at the 95% CL.
r7(n,f,00=—=x6.15<10 13 (34)
f FIG. 2. Exclusion plot in thé —M plane for single-branon mod-
els from LEP-I data. The dark area is excluded by the measurement
To show the dependence on the branon mass, we plot, i§f the Z invisible width and the striped region is excluded by the

Fig. 1, Fg(n,f,M)fSIn againstM. Finally, to get the total  measurement of the visibM/* decay width.
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VI. BOUNDS FROM W=* DECAY f3 art 5
L v x 107 Get”")
. T . n dE,
There are mainly two channels contributing to this pro- M=0 Gl

cess: first, the decay &&= into two branons and two lep- P

tons:
- 5 M= 10 GeV/
[ W17 (py), v(p2), m(Ky), 7(Kp). 4

Such leptons can be an electron and an electron antineutrin
for theW~ decay, their antiparticles fol ", or the analogue 2
pairs of leptons in the rest of families. The results of the
different decay rates agree in the limit in which the lepton
masses are negligible. In fact this is a good approximation
since the typical energy carried by the of outgoing particles
will be comparable to th&V= mass which is much larger E, (V)
than the leptons masses.

Second, we have th&/= decay into two branons and a
quark-antiquark pair:

M= 20 GelV

M= 30 Gel”
10 20 30 40

FIG. 3. Behavior of thaV* decay width in terms of the visible
lepton energyE, for different branon masses.

The results in the case of quarks can be obtained in a
straightforward way from the leptonic one just multiplying
y the modulus squared of the corresponding CKM matrix
lement.

To show the dependence on the branon mass, we have

W—q(py),q(p2), 7(Ky), m(ky).

In principle there should be also a channel including quon@
in the final state; however, in the SM, such a channel i€
suppressed by a coefficientg(M\y)/7=0.04 and for that b ¢8 _ I
reason we will also ignore it in the present case. In any cas@!ottédT'yf*/n against the branon mads in Fig 1.
the result we will obtain will be a strict lower bound to the _ ' "€ mostimportant difference with respect to tanaly-
true decay width into branons. sis arises from the experimental constraint on\tfte width

The calculation is totally similar to that of tiedecay and ~ €OMing from new physics. In this case, the decay is visible
for that reason we will not repeat it here. The expressions fognd: for example, if the final decay products continand
the Z decay in Eq.(29) are also valid for thav=; the only v, the process with branons could give a signal similar to
changes, apart from the different gauge-boson mass, are tifee foIIovling standarg model processl“?v"": W~
W= couplings to leptons and quarks. Thus, in this case Weﬁef(pl),ve(pz)_,vf(ps),VT(D4), in which theW~ decays
haveM,=My, cy=ca=1, h=g/(2,2) for leptons anch  jhi a7~ and av,, and then ther~ decays finally into an
=V;;g/(242) for quarks whereV;; is the Cabibbo- e 3. andw
Kobayashi-MaskawdCKM) matrix element withi =u,c,t :I'hg’behaviTc;r of thav* decay width in terms of the vis-
andj=d,s,b. The differential decay rate has the same form. : g ;
as irJ1 theZ case, which is written ag)z;in in terms of the energyIbIe lepton energyE, is plotted in Fig. 3 for different branon

’ . o masses.

of the two leptons or the quark-antiquark pa, p> and the However, in this work, we are only interested in the con-
angle between their three momenta that we denote.by e\?J

) X 4 raints on the theory parameters coming from the ttal
Thus the corresponding Mandelstam variables are obtain€fliyin The total leptonic decay is obtained multiplying Eq.

from Egs.(30) just replacingMz— My . The total integra- (37) py a factor of 3, because there are three different kinds
tion over the lepton or quark phase space has to be done ing 1 ,cesses corresponding to the three leptonic families. On

numerical form, with the analogous limits to those in EQ.ihe other hand, to calculate the hadronic decay we have to
(32) again replacing the gauge-boson masses. multiply by

The final resuItFSV(n,f,M) depends on the three un-
known parameters and is obtained from the differential rate
by using an analogue expression to E82). We see that, 3 2 |Vij|2=6-117i 0.075, (39
once again, the dependence wrand f factorizes, and the i=ucij=dsb
dependence oM enters through the same dimensionless
functionII(x). Thus we can write, for the leptonic decay, where the factor of 3 comes from the numbers of colors and
the sum is extended to the six CKM matrix elements which

3\, do not involve the top quark. The numerical result is taken

8 II(M/My). (37 from the combined LEP measurementBif(W—qq) [14].
The above approximation assumes that the mass of these five

For massless branons we obtain, by numerical integration, quarks is neglected when compared to the typical energy of
the process Nly), and the top quark contribution is ne-

n
I'o(n,f,M)=2 cod 6y

nM2 glected because of its large mass. We can thus estimate the
r\t;v(n,f,o)z 8"" % 9.56X 10" 13, (38) total W= width just multiplying by 3+ 6.12 the result in Eq.
f (37).
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In order to get bounds on the contribution from new phys-also averaged over the spin of the initial particles and
ics to thew™ width, T'};y", we take into account the uncer- summed over polarizations of the outgoing boson. The prob-
tainties on the experimental measurement of the visiile ability has to be divided by two because the outgoing bran-
width, I'y;"=2.150+0.091 GeV[13], and the uncertainties Ons are indistinguishable.
in the SM calculation]' 3= 2.093+ 0.003 Ge\[14], so that We define the invariants=(p;+p)?, t=(p;—q)? u

for the total allowed variation in the visibla/* width we = (P2~ )% andk?=(ki+k,)*. Again only three of them
obtain, at the 95% confidence level, are independent becausett+u=k®>+M; (M, is the
gauge-boson mass and we are neglecting the fermion
ra%(n, f,M)<(THEP—TgM) + 2AT3EP=240 MeV. masses In the c.m. system the probability should be divided

(40) by 2p22pg|v1—vz|=25
L . . Again we can change to more physical variables: namely,
This !Imlt translates into the following one for massless bra-the energy fraction of the emitted gauge bosoA2q,/+s
nons: s 36R
and the scattering angle Thus we get

f>6.n"8GeV. (41) R
t=—s[do—|dlcos )]+ M2,
The exclusion regions as a function of the varialflasd

M are shown in Fig. 2 for the single-branon case. u=—s[qo+|q|cog 6)]+ M2,
2
VIl. BRANON BOUNDS FROM DIRECT SEARCHES kzzs(l_x)+ M3,
A. Cross section with a generic gauge boson X\/E
In this section we present the cross section of the process Qo= 2

oa p(p1), (P2 — m(ky), m(Kp) AL(Q). (42

.1

|q|=§\/sx2—4M§, (43)
The initial particles can be either leptons or quarks, although
we will be mainly interested in the*e~ case. There are and the phase-space volume takes the form
three final particles: one arbitrary gauge boseither Z or
) together with the two branons. We are interested in the  d°q dk’dtd¢  dxd(cosé)de
differential cross section yvith respect to the gauge boson 2q0(27-r)3: 4s(2)3 = 8(2m)°
phase-space parameters, i.e., the energy and scattering angle. (44)

We have integrated over the two-body phase space of bra-

nons. The probabilities are calculated as usual by doing th&herefore, forM,#0 and arbitraryc,, and c, parameters,
square of the amplitude module given in EB1). We have we have

doa [n2  (cGtchn \/ 4m2
dxdcosé 4w 12288G872(s—M?2)2 S(1—x)+M?2

Vs(sX2—4M32)| BM2M2[2[s(1—x)+M2]—-5M2}

2[s(1—x)+M2—4M?]?

2 _ 2y gj
X[8ME+ (sX 4Ma)s'”20]+{4M§[Mg+s(l_x)]+s(sx2—4M§)sin20}2

(16M [ s(1—x)+M2]?

X[10M S+ M2s(9—5x) + 2M25%(4 — 3x+x?) + 8°(1—x) ] — 2[ 40M 22— 2M 2% — 112+ 40x + 5x?) + 4M 8s?
X (78— 70x— 3x2+ 5x%) + 8%%2( — 2+ 4x— 3x%+ x3) + M8s3(216— 272x + 6x%+ 66x° — 11x*) + M s*
X (96— 184K+ 622+ 44x3 — 21x*+ x°) + M28%(8— 16x— 12¢%+ 423 — 29x*+ 6x°) Isir? 0+ s(s32— 4M2)?

X{TME+ Ms(17—7x) + M2s?(1—2x) + $°[ 3(1—x) + 2x?]}sin* 6— s2(s X2 — 4M2)3(s— M2)sirfe) | .

Notice that this expression is also applicable to quarkcross sections without summing over the polarizatioefy (

antiquark collisions just by choosing the appropriate cou-of the outgoing gauge boson. Again we consider the case

plings (cy andc, parameters together with). M,#0 and arbitraryc,, andc, parameters. The results can
Also, for certain processes it is interesting to calculate thébe found in Appendix D for longitudingD4) and transverse

075010-8



LIMITS ON THE BRANE FLUCTUATIONS MASS AND . .. PHYSICAL REVIEW D67, 075010 (2003

(D5) polarizations. It is interesting to note that the longitudi- ¢ fo,
nal cross section vanishes in the limit in which the gauge-
boson mass goes to zero. Therefore, the total cross sectic3f
(including the three polarizatiops the limit M ;,— 0 has the
same form as the total cross section for a massless gauc |
field (M,=0), and it reads of

x107(GeV™)

don |h|2 s(cZ+ca)[s(1—x)—4M?]n
dxdcosd 4w 6144G8 72 1t

[ am? |
R _ 2\ _ y3a;
X \/1 s(l—x)_X(B 3x+2x%) — x3sirt

. 2(1—x)[1+(1—x)?]
X Sinf 6

100

) (45) M (GeV)

FIG. 4. Total cross sections for single-photon and sinfjlero-
As expected, the cross section is divergent for a collineagesses as a function of the branon mass. The dependence on the
outgoing boson §=0) and also for a soft{=0) massless brane tension and the number of branons has been factorized out in
gauge boson. the f&n coefficient.

The total cross section can be calculated analytically, al-
though it will not be shown here since the final expression is
The differential cross section obtained in the previous secquite long. The result for massless branohs<0) is much
tion could be used in direct searches of branons in colliderssimpler, being just proportional te?,
In this section we are going to calculate the contribution to
the total cross section of processes involving a single photon ﬂAySB
in the final state. This will allow us to obtain new bounds on o(M=0)= I
M andf assuming nonobservation at LEP-II.

To perform the angular integration over the polar anglewhere the constant depends on the detection limits as fol-
cosé in Eq. (45), it is necessary to take into account the lows:
angular range covered by the detector ¢e$—d,d]. Thus

B. Bounds from single-photon processes

, (47)

we get _aEM 3 2 3
Ay=——— ] 2d(~ 1+ X)¥30(1+3X~ 3X2+ X7)
do, |h|2s(c§+cf\)[s(1—x)—4M2]2n\/W 11059200
ax _ am 1843201° 72 x 1 sa=x% +d2(1+3X+6X2+10X%)]
+310g 9TV 1 247+ a80x— 300Kz 22063
x| 2dx[9— 9x+ (3+d?)x?) +3( — 2+ 4x— 3x? %9 1502/t
_ 2
+x3) log| 1Y ) 46) —75X%+ 12X5— 120 log X) ] ] (48)
(1+d)?

W|th aEM:eZ/(47T).

whereh=e, cy=1, andc,=0. For the limits mentioned before we geA,=4.54

The integration in the variable is done within the limits X 1077. The branon mass dependence of the total Cross sec-
XE[Em/(Z\/E),l—4M2/s]. The upper bound is fixed by ki- tion is plotted in Fig. 4.
nematical constraints, but the lower oné= Em/2\/§), im- To obtain the bound on the theory parameters, we can
posing a minimum energy for the photoris,(), depends on  consider the limit on the total cross section coming from new
specific experimental conditiongtrigger, noise, back- physics which could be added to the single-photon channel
grounds. . .). To perform the numerical study we takk  without being detected. For LEP-II, this limit is approxi-
=0.96 andE,,=5 GeV, which correspond to the typical matelyo,.,~0.1 pb, which is the typical experimental sen-
boundary conditions of one of the LEP experimefdse sitivity observed in LEP searchg46]. The result for one
[15]). We will also use\s=206 GeV to do the calculations. branon assuming no observation is plotted in Fig. 5. Thus the
Although the maximum center-of-mass energy was close tinterior area limited by the bound curve is potentially ex-
209 GeV, most of the data at LEP-II taken in the last year oftluded by the LEP-II experiment. In the case of massless
running were collected in the range between 205 and 20Branons, the limit depending on the number of branons
GeV[13]. reads:
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140 UNEXCLUDED

f (GeV) 120
100

80

60

40

20

100 120

M (GeV)

D Unexcluded area by the single photon signal.
. Excluded area by the single photon signal.
Excluded area by the single Z signal.

FIG. 5. Exclusion regions in the-M plane coming from single-
photon eventgdark region and singleZ processesstriped areg
using LEP-II data.

f=13a'8 GeV. (49

C. Bounds from singleZ processes

As in the single-photon case, the sin@leshannel can be

PHYSICAL REVIEW D 67, 075010(2003

and upper limits are kinematical.

To estimate a bound on the theory parameters, we will
consider again the limit on the total cross section coming
from new physics that can be added to the singjlehannel
without being detected. For LEP-II, the order of magnitude
of this limit is approximately equal to that in the single-
photon caseg,c,~=0.1 pb.

The result for massless branons is

f=52n'8 Gev, (50)

and the exclusion plot can be found in Fig. 5. The interior
area limited by the bound curve, which is excluded, is
smaller than in the single-photon analysis. This is an ex-
pected result since th& coupling to the electron field is
smaller than that of the photon, and tAenass restricts the
available phase space. In fact, this restricts the search only to
branons with massesMs(\/E—MZ)IZ: 57 GeV. In the
single-photon channel, however, the kinematical range is
larger, M= \/s/2=103 GeV. Despite this fact, the singfe-
channel analysis is still interesting since it provides a com-
pletely independent direct search method. In future colliders,
working at very high center-of-mass energy, themass
could be neglected/s>M, and the total cross section for
the two channels will take the same form. The only differ-
ence will come from the ratio of couplings to the electron
field, which is

used to restrict the parameters of the theory. In this section

we are going to calculate the total cross section summing

over Z polarizations to estimate these bounds.

(4sirfoy—1)%2+1
16 coZ Oy,Sir? Oy

T2 Js>M,)= ~0.37, (51
Ty

Again to implement the angular integration over the polar
angle cos), we take into account the domain of the detector:where we have use the value &R=0.22. This implies that

cosfe[—d,d], with d=0.96. The behavior of the cross sec-
tion in terms of the outgoin@ energy is represented in Fig.
6 for different branon massegor \s=206 GeV). In this
caseh=g/(4 cos,), g=e/sin by, cy=—1+4 sirf4,, and
CA: 1.

The integration in the variable is done within the limits
xe[Mz/(2Vs),1+(M2—4M?)/s], where both the lower

b
L5417 Gev™)
Z

M=0GeV

E(GeV)

FIG. 6. Differential cross section for single-processes as a
function of the outgoing energy for different branon masses and
for a center-of-mass energys=206 GeV. The dependence dn
andn has been factorized out.

provided the rest of the analysis remains unchanged, the
bounds orf which come from these two processes are simi-
lar:

f(oz)
f(o,)

Although, in general, the singl&-channel has more back-
ground compared to the single-photon case, implying lower
precision, it allows us to perform analysis depending on the
polarization which could improve the bounds.

Since branon effects grow strongly with energy, it is not
surprising that the bounds from direct searches wits (
=200 GeV) are more constraining than the indirect ones, in
which the energy scale is set by th2 mass My
=90 GeV). However, because this is an effective theory, the
growth with energy of the cross sections will eventually vio-
late unitarity. At that point the approximation will no longer
be valid. It is also interesting to note that the present bounds
improve the astrophysical ones for massless branons, coming
from the 1987a supernova, from whi¢h-10 GeV[10].

(\s>M,)=(0.37)8~0.88. (52)

VIIl. PROSPECTS FOR FUTURE LINEAR COLLIDERS

Several proposals for the constructionedfe™ linear col-
liders in the TeV range are currently under study. The DESY
TESLA (TeV Energy Superconducting Linear Accelerator
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[17], the NLC (Next Linear Collidey [18], and the JLC
(Japanese Linear Collidgrl19] are examples of the first gen-
eration of these colliders, whereas the CLICompact Lin-
ear Collidej [20] would correspond to the second genera-
tion. In this section we discuss the sensitivity of these / &V)
colliders to a hypothetical branon signal. The study will be
performed in terms of the brane tensibrand the branon
massM.

The physics program of the new linear collider projects
includes the measurement of electroweak parameters wil
improved precision, such as the invisidewidth or thew=

Collider with E_,= 500 GeV and TIL= 200 fb'

NON ACCESSIBLE

width. However, and since the deviations due to the presenc 250 300
of branons increase dramatically with energy, the largest ser M (GeV)
sitivity to a branon signal is expected in direct searches like Collider with E_,= 1 TeV and TIL= 1000 fb
single y and singleZ.

In order to estimate the sensitivity of future linear collid- 700 NON ACCESSIBLE
ers to branon signals, the LEP-II study of the previous sec
tion is extended to higher center-of-mass energies. It is as
sumed that, at the time of construction of these accelerator
the theoretical and systematic uncertainties on standat
model processes will be controlled at the level of the femto- A8
barn. Under this assumption, we will estimate the sensitivity 200
limit of5$ by scaling the LEP-II estimate by the expected 100
gain in statistics:

(TILLgpir)
FLC_ ./
Tnew™ (TILFLC) 0.1 pbv (53)

where TIL gp.; =700 pb ! is the LEP-II integrated lumi-
nosity and 0.1 pb is the LEP-II sensitivity limit. We will
consider the following values of the integrated luminosity at
future collidersTILg c: TIL;=200 fb? for a first stage of
TESLA, NLC, or JLC, andr'IL,=1000 fb ! as a maximum
value for a second stage. For CLIC we will assume the sam
total integrated luminosity:TILc ,c=TIL,=1000 fb 1.

7 (@) 600
500

400

400 500 600
M (Gel) )
Collider with E_, = 5 TeV and TIL= 1000 b

NON ACCESSIBLE
S @)

The cross section bounds for both luminosity choices art M (GeV)
F L1 2 _ _CLIC_
similar: oy,.,,=6 fb andoy,.,=open =3 b. B or coostst creg by the shole phofon s

The critical parameter in the analysis is the center-of-mas
energyE. ,, . In the single-photon channel, this leads to lim-
its onf for any branon masM <E_ ,/2. In particular the

“T,Lt for ma;sless branonsf ) mcreases propor?onally to FIG. 7. Predicted experimental accessible regions infthé
Ec.m. according to Eq(47). Assuming a center-of-mass en- ;3,6 yia single-photon and singfeprocesses. Different center-of-

ergy for the fir_st stage of the first generatio.n of linear collid- 555 energiess, ,,) and total integrated luminositi€gIL) at fu-
ers of approximately 500 GeV, 1 TeV for its second stageiyreete linear colliders are considered.

and 5 TeV for CLIC, we obtain the following limits fdr, in

- Accessible area by the single photon signal.
Accessible area by the single Z signal.

the case of a single branonfj >398 GeV, f3'° IX. SUMMARY AND CONCLUSIONS

CLIC . .
>758 GeV, andfg’/“>2.64 TeV. The results of a full |n this work a brane-world scenario where the brane ten-
study in the €,M) plane and in different experimental con- sion scalef is much smaller than the fundamental gravita-
texts are presented in Fig. 7. tional scaleM has been considered. For this case, the rel-

For the singlez channel, the bounds are less restrictive:evant low-energy degrees of freedom are the brane SM
f5,>205 GeV, f3,>450 GeV, anf§“>1.87 TeV. Ob- particles and the brane oscillations or branons. From the cor-
viously, the study in this case is only applicable to branonresponding effective action and including also the effects of a
masses belowH, ,, —M2)/2, due to kinematic constraints. possible branon nonzero mass, we have obtained the relevant
The excluded regions in thd (M) plane are also shown in Feynman rules for the couplings of branons to SM particles.
Fig. 7. They have allowed us to compute the decay rates and cross
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sections for the different processes relevant for branon prgparameters suggests that branons could have weak couplings
duction in electron-positron colliders. We have used the inand large masses. This makes them natural dark matter can-
formation coming from LEP in order to get different exclu- didates. In fact, an explicit calculation shows that their relic
sion plots on the branon mass and the tension scale planabundance can be cosmologically relevant and could account
Single-photon production turns out to be the most efficienfor the fraction of one-third of the total energy density of the
process in order to set bounds on the brane paramfedeid  universe in the form of dark matter presently favored by
M. We have also extended the analysis to future electronebservations. These results will be presented elsewiéie
positron colliders. The corresponding exclusion plots that

could be obtained in case that branons were not observed ACKNOWLEDGMENT

have been also shown.

The work presented here should be complemented with a This work has been partially supported by the DGICYT
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APPENDIX A: BRANON VERTICES

We show the Feynman rules with leaving momenta for massive branons, including the interaction vertices between two
branons and the SM particles. The dependence on the momenta of the different particles is explicitly written. We have used the
notation in[6]. Different expressions in the case of massless branons have been defit&d lim that reference the fermionic
equations of motion are imposed on the Feynman rules. In any case, as a consistency check, we have seen that our final result
are the same in both cases.

1.V1[p;,p2,P3,Pal

7*(p3) 77 (pa)
= V1{p1,p2,ps,p4] ,
TZ(Pl) ¥(p2)
—is%f > 2
V1= 4f4 '}/Mp4#(p3,p1—p2)+7'up3;4(p4upl_p2)_’y'u(p1:“_pz") EM +2(p31p4) +4m¢[(p3'p4)+M ] .

(A1)

2. VZﬁS[pl,pz,psipﬂ

7*(p3) 7 (pa)

= V2Z’f,[p1,p2,p3,p4] )

AL (p2) As(p1)
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i 52058
Vzi?/: 7 [ P1,P34(P2,P4) T P3,P2,(P1:P4) T P1,P2,(P2:P3) T PavP2,(P1,P3) = 7,4, [ (P1,P4)(P2,P3) +(P1,P3)

1
X(P2.Pa) = (P1.P2)(P3.P4) 1= (P1,P2) (P4,P3,u+ P3.Pau) = (P3.Pa)(P1P2.) — 5 Ma[2Pa,P3,+2P3,Ps,

_Znuy(p3!p4)_7],uvM2]]’ (AZ)
where we have used the flat background metric to contract indices in the Fadeev-Popov Lagrangian.

3.V3i[ps.pal

7(ps) 7 (pa)
. = ng[pfivpll] ’
P(p) Y(p2)
AZ(PS)
. —hTesws ) )
V3#:T{2’y p4vp3,u+27 p3vp4,u.+’)/,u,[_3M _4(p31p4)]}(cv_CA'}’5)- (A3)
4. V4ﬁk,),§[p1,p2 +P3,P4,Ps]
7 (ps) 7 (ps)
5 = V45 (o1, p2, p3, 04, 15]
Ab(p) Ag(p2)
A5 (ps)
b abC5aﬁ
vas =f—4{plv( P3.Pax+ ParPay) = P1rn(P3.Payt P3sPau) T P2x(P3,Pau T P3uPar) = P2, (P3uPax T ParPay)

+ Psu(P3uPax+ ParPay) = Psu(P3uPax T+ ParPau) + 70,[(P3,P4) (P2, = Psu) + Pau(Ps—P2,P3) + P3u(Ps— P2,P4) ]
+ M ul (P3:P4) (P5,— P1s) + Pay(P1—Ps,P3) + P3u(P1—Ps5,Pa) |+ 7L (P3,P4) (P1r—P2x) + Par(P2— P1,P3)
+ Pan(P2—P1,P3) ]} (A4)

5. V5[plvp2!p3 1p4]

7*(ps) 7 (pa)

= V5[p1,p2,p3,p4)

¢'(p1) B(p2)
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i 5P 1
Vo= £ —[(pg,p4)+Mz][(pl,p2)+m2¢]+(p1,p3)(p4,p2)+(p2,p3)(p4,p1)+ EMz(pl,pz) . (A5)
6. V6,[p3,p.l
7*(p3) 7 (pa)
Y \/ BN - V6Z[p37p4] )
¢! (p1) ¢(p2)
AL(ps)
a Ta5aﬁ‘ 1 ,
V6L =z | (P1=P2)u (P3.Pa) + 5 M|+ (P1=P2.Ps) Pau+ (P2~ P2.Pa) Pa - (A6)
7. V7ﬁ?,[p3,p4]
7 (p3) 7 (pa)
¢f(pl) ........ > ;\)?/E: ....... ¢(p2) = V7le7/[p37p4] s
A (ps) AL (pe)
e L L 1,
V7;LV_f—4 (p3!p4) + EM Nuv™ p3,up4v_ p4,up3v . (A7)
8. V83heolPa,pal
m*(ps) 7 (pa)
As(ps) w??ﬂgw Allps) = V8itlpa,pa,
AL (p1) AL ()

ih2s*#
VBZ?)(;)?T[ p31p4]= f4 (CeabCeCd{nmr( p3pp4,u.+ p3Mp4p)_ 77Vp( p30'p4/.L+ p3,up4a')+ 77,410'[ 77Vp( p31p4)_ p3pp4v_ p3vp4p]

= Dol 700(P3.Pa) = P35Pay— P3,Pag ]} + Co*C Y 7,,(P3,Pay+ P3sPay) = 7up(P3oPau+ P3uPas)

+ Mol 70p(P3.P2) —P3pPar— P3uPap] — Mol 7,,(P3,P2) — P3.Pay— P3uPayl} + ceadcebq 70u(P3,Pac

+ P35Pap) = M0e(P3pPau T P3uPap) T Mupl 706(P3,P2) = P30Par— P3.P4c]

= Dpl 70,(P3,P4) ~ P3,Pay— P3,Paul})- (A8)
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APPENDIX B: PROBABILITY AMPLITUDES

The probability amplitudes are easily calculated from the Feynman rules introduced before

1. ML §(py), ¢h(p;) = (k) wr(k,) Af()
There are four different diagrams that contribute to the tree-level amplitude of this process:

Y

which is given by the following expression:

M1[p;1.p2.K1.k2.q] :U_[pl]{V3,a,,[k1-kz]é‘“'a[qaffl]+V1128#’a[qy01]iA(f)[pl_QJVl[_ (P1—a),— P2,k ko]
+VI[ =1, = (P2— ). Ky, Ko Ji Ayl = (P2 = @) IVAIL e q,01]+ VLI AL L (p1+p2)]
X V2201 q, = (p1+P2) K1 . kole* 0,011 u[ p2]. (B1)

The fermion (A 1)) and gauge bosori 4 ) propagators have the usual expression in the standard model in renormalizable
gauges, and we have used the standard vertex between gauge and fermions fields:

Ag(ps)

=Vl = hyT*ev — cas).

Y(p) Y(p2)

2.M2: AZ(Q)—m(ky) (ko) ¥(py), 4(p2)

If there are massive gauge bosons in the theory, branons contribute to their decay through these processes, whose prob-
ability amplitude can be related to the previous one by

M2[p11p2!k11k2!q]:Ml[_pli_DZ!klka!_q]! (BZ)

where, in the right-hand side, the spinors have been changed as fallpmg— u[p;] andu[ p,]—v[pa].

APPENDIX C: INTEGRALS OVER TWO-BODY PHASE SPACE
Integrals over the two-body phase space of branons can be easily performed using

| f d*kyd*k,8(kI—M?) 8(k5—M?2) 8D (k—k; —kp)ky K1 ,Kz,Kz,)

,quo‘E

= Clkp,kukpk0+ C2k4( 77,U,V77pa'+ 77,u,p 77V0'+ 77,&0'77Vp) + C3k2( kukvnpa+ kpkonp,v)
+ C4k2( kykp 77vrr+ kvko’ 77,u,p+ k,uk(rnpv—’_ kpkv 77/ur)1 (Cl)
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Im,= f d*kyd*k,8(ki—M?) 8(k5— M?) 68 (k—k; —ko)ky Kz,

=CTk,k,+ szkzn#,,,

15,= f d*k,d%ko8(KE—M?) 8(k5— M?) 8 (k—ky—Ka)Kq K1,
=Cik,k,+C3k%7,,,,

and the same result by changikg for k»,

|0= f d*k,d%k,6(k3—M?) 8(k3— M?2) 6H(k—k;, —ks)

:CO!
where
P 4M?
2 2
Ci=—~J1 4M2(k4+2k2M2+6M4)
Y0k K2 ’
2
m_ 7 _4M ) )
Cl—E 1 7('( +2M ),
2
s_ T _ 2_\2
Ci= gz VI~ z (¢=M?)
T 4M?2
C,= 480(4\/1——k2 (k*—4M?)?,
2
m_ 7 4M ) )
©aae N e A
77 4M?2
G e N e A,

T 4M?
Ciy=— \/1- (3k*—14k>M?+8M %),
240 k2 )
Ca= — \/1 4M2(k4 3k’M?—4M*)
“ 100t k2 '

APPENDIX D: POLARIZED CROSS SECTIONS

In this section we give the expressions for the cross sections of the process,

o1 (1), ¥(p2)— m(ke), (Ky), AL(Q),

for the different polarizations of the outgoing gauge field. We have used the definition
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a*=(0o.|qlsin 6 cose,|q|sin 6 sin¢,|q|cosb). (D2)
The polarization vectors read

1 .
€h= M(|q| ,0oSin 0 cose¢,qysin 6 sin ¢,qocosb),

1
el = —(0,—cosf cos¢p=*ising,—coshsind+icoseo,sing). (D3)

2

For the longitudinal polarizationef;), we get

d h|? c2+c3)M2n 4M?
o | | (cy+caMg 1 \/mg

dxdcost ~ 47 12288G872(s—M2)2 N s(1—x)+M2

5M?{2[s(1—x)+M2]—5M?}{sxsir? 6}

N [s(1—x)+M2—4Mm?]?
[4MZM2+5(1—X)]+8(sX2— 4M2)sir? 6}

{3 s(1—x)+M2]3(M2+5)?— 16 5(1—x) + M2]?

X[MS+2M2sx(1—x)+M2s?(9—2x?) + 25%(1— x— x?) |sir? 0 — 4s[ 4M 3+ M Es(12— 20x + 15x?)
— M23s?(4+8x—37x2+ 113+ 4x*) + M2s3( — 12+ 28x — 7x%— 6x3— 10x* + 4x5) + s*x2(3— 7x+ 2x%+ 2x3) ]

><sin40+233(2+x2)(sx2—4M§)Zsin69}). (D4)

The contributions of the transverse polarizatioe§ Or €,) are the same and they are given by

dos M (hrcn \/1_—(14“”)2 =D
S(1—X

dxdcosd 4w 1228868 72(s— M2)? +M3

10M2M 2 2[s(1—x) + M2]—5M?}{2—sir?6}

X [S(1—x)+M2—4M?2]?
[AMZIMZ+S(1-x) ]+ (50~ 4M)sirPo)?

(16MI[S(1—x)+M2][IM 4+ M25(6—4x) +5%(5— 4x+2x?)]

+2[ —36M 22+ 2M 2% — 108+ 40x + x?) — 4M8s?(68— 72x+ 6x%+ x°) + M $s3( — 136+ 200x — 54x° — 26x°
+3x%) — M2s*(44— 80x + 34x%+ 12x3 — 13x*+ x°) + M 28%x ( — 8+ 28x — 34x?+ 21x3— 6x*) — s°%?

X (—2+4x—3x2+x%)]sirP 9+ s{120M 10— 2M 85( — 148+ 76x+ 13x?) — M Es?( — 8+ 48k + 62x° — 34x3+ x*)
+ M 2s3(24+ 8x+ 10x2+ 4x3— 3x*+ x5) + M 2s*x?( — 18+ 10x — 11x%+ 2x3) + %[ 3(1—x) + 2x?]} sir* 0

—s2($X2—4M2)[4M 24— 2M3s+ 5?x?]sire) | . (D5)
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