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Abstract

Whenpuey (or Ty) loop involves a vector boson, the amplitude is suppressed by more than two powers of heavy particle
masses. However we show that the scalar boson loop diagrams are much less damped. Particularly, the loop amplitude in
which the intermediate fermion and scalar boson have comparable masses is as large as possible, as allowed by the decouplin
theorem. Such a situation is realized in the “universal extra dimension theory”, and can yield a large enougleatéddre
detectable in current experiments. Our investigation involves precise calculation of the scalar boson loop’s dependence on the
masses of the intermediate states.
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1. Introduction modate this feature simply by an introduction of neu-
trino masses in the SM, other lepton flavor violating

1.1. Probing the physics beyond the SM through the processes such as— ey would still have so small

wey loop effect a rate (a branching ratiex 107%9) that there is no

hope for their detection in the foreseeable future. This
The Standard Model with massless neutrinos auto- is the case whether we have Dirac neutrino masses
matically conserves lepton flavors: the electron, muon with their small values inserted by hand, or the neutri-
and tau numbers. The ever stronger experimental ev-nos are Majorana particles with the smallness of their
idence for neutrino oscillation [1] shows clearly that masses coming out of the seesaw mechanism. In the
lepton flavor is not conserved in nature. If we accom- small Dirac mass scenario, tey amplitude is sup-
pressed by the neutrino mass differeﬁm% over the
 E-mail address: tpcheng@umsl.edu (T.P. Cheng). vegtor boson maSMEV’ namely, suppressed ny a lep-
1 present address: Department of Electric Engineering, Ohio tONiC GIM scheme [2]. In the seesaw scenario, super-
State University, Columbus, OH 43210, USA. heavy singlet neutrino states are present in the usual
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left-handed flavor eigenstates. Their potentially signif- Because the extra dimension is a circle, the positions
icant contribution is nevertheless muffled by the mass- x® and x° + 27 R are identified, with¢ (x*, x° +
suppressed mixing angles [3]. Thus a detection of the 27 R) = ¢ (x*, x°) leading to the quantization of the
uey process would signal the physics beyond the SM, extra dimension momentumis = n/R, wheren =
beyond any neutrino mixing mechanism. 0,1,2,... is the KK number. This implies a mass
We are particularly interested in the possibility of spectrum ofV/?(n) = M?(0) +n?/R?, where the zero
this wey amplitude being less damped in theories that mode bare mas¥ (0) is expected to be much smaller
predict new particles around TeV [3,4]. One is curi- than the KK excitation energy of/R. Thus there
ous whether the contribution by such heavy particles would be a tower of KK states associated with any
to the ey amplitude could be as large as possible particle that can propagate in an extra dimension.
while remaining compatible with the decoupling the-
orem [5]. For example, the suppressions mentioned in 1.3. Branevs bulk particles: the universal extra
the last paragraph both involve at least two powers of dimension theory
heavy particle mass in the denominator. Are there sit-
uations in which the amplitude suppression is linear?  Different extra dimension theories often have dif-
In this Letter we report a precise calculation of the ferent particle assignments vis-a-vis whether they can
uey amplitude’s dependence on its intermediate parti- propagate in the full higher-dimensional space or not.
cle masses for the scalar boson loop diagrams. It showsThose do are “bulk particles”, and have associated KK
that, when the intermediate fermion and boson massesstates, while the “brane particles” are those confined
are comparable, such a potentially detectakde rate (on the brane) to the four-dimensional spacetime. The
is possible. While our resultis applicable in any theory original large dimension theory has all the SM parti-
that allows this lepton flavor nonconserving decay, in cles stuck on the brane, and only graviton is a bulk
this Letter we present it mainly in the context of “large field [6]. Prior investigation [8] and later variations in-
extra dimension theories” as their phenomenology has clude suggestions in which the neutrinos [9], the scalar

lately been under active discussion. bosons, or the vector gauge bosons [10], etc. propa-
gate in the extra dimensions as well. Furthermore, with
1.2. Large extra dimension theories the presence of brane, the translational invariance in

the extra-dimensional space is broken, and the corre-

In the last few years there has been considerable sponding extra dimension momentum (the KK num-
interest in theories having extra dimensions, which per) is not conserved.
either have their compactification scales being much Among the different modifications of the origina|
larger than the Planck’s length [6], or have strong cur- |arge extra dimension model, the most appealing sug-
vature [7]. These theories can in principle generate gestion, to our thinking, has been that by Appelquist,
the observed gauge hierarchy, for example, by having Cheng and Dobrescu [11] who proposed thiastan-
large extra-dimensional volume. Such theoretical sug- dard model particles, as well as graviton, can prop-
gestion would also provide an added impetus for the agate in the extra dimensions, thus all particles have
ongoing experimental effort to test Newton's gravity KK states. These are “universal extra dimensions”.
theory at the millimeter scale. Because brane’s presence is no longer required, trans-

The hallmark of extra dimensions is the existence |ational invariance, and KK number conservation, are
of Kaluza—Klein (KK) states: particles that can propa- restored. There are no vertices involving only one
gate in the compactified extra dimension have a tower non-zero KK mode. This is the key feature that al-
of states with identical quantum numbers but ever in- |ows such a large extra-dimensional theory to pass all
creasing masses. For the simplest case of a scalar parthe phenomenological tests. Appelquist et al. analyzed
ticle in a five-dimensional spacetime, with the extradi- the current electroweak data, computed some para-
mension compactified into a circle (radi®y, we can ~ meters and concluded that the compactification size
expand the fielgp (x*, x°) in harmonics R could be 1/300 GeV for one extra dimension and

w5y [\ ipsx® 1/400— 1/800 GeV for two extra dimensions. These
¢(x - ) - ;qb” (x )e ’ (1) predictions are in the range of current or near-future
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experiments. Other discussions about the experiment
signatures of the universal extra dimensions can also
be found in the literature [12]

1.4. KK particlesin the ey loop

We are interested in estimating theey rate as
induced by the loop diagram in which the intermediate
virtual particles (one fermion and one boson) may be
KK states. We shall broadly distinguish two categories
of models: in one category, theories do not have KK
number conservation, and in such models it is possible
that only one of the virtual particles is a heavy KK
state. Here the general situation corresponds to mas
limits when either the fermion mass is much Iarger
than the boson mass, or the other way around.
the second category, we consider the KK number
conserving universal extra dimension theory. Here
both the fermion and boson must have the same KK

S
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Fig. 1. u — ey as mediated by a vector loop. Contributions by
diagrams with photon emitted by the external leptons must also be
included in the calculation.

The required exact mass calculation has been per-
formed [3,4,13] giving, in then, = 0 approximation,
the amplitudes ofA"Y =0 and

2

number and their masses are comparable. This is so,

because their mass square difference is the same ase )=

that between their zero modes, which is expected to

be much smaller than the KK excitation. In order

to consider the comparable mass case, we will have

to compute the one loop amplitude exactly in its

dependence of the intermediate particle mass ratio.
The gauge invariant decay amplitude fo¢p) —

e(p —q) + v(g, €) must have the form

T(ney) = ——e}(@)iie(p — 9)0*q,

167
x [A+(1+y5) + A—(1— y5) Jupu(p). (2)

This corresponds to a dimension-five Lagrangian den-
sity termy,a** v, F;,. The invariant amplituded ;.

are induced by finite and calculable loop diagrams and
proportional to an inverse mass power.

2. Vector loop amplitude

In the SM with one doublet of Higgs bosons and
small Dirac neutrino masses, there is only one type
of loop diagrams (Fig. 1) for theiey decay. They
have a charged intermediate boson in the loop:—
wiW,) — e where the photon is emitted by the
chargedW boson in the loop (as denoted by the
subscripty).

8 mll *
AY = U lIUe,F< ) (3)
w ,X; : MW
where the functioh
1
— (10— 437+ 787 — 497
6(1—z)4( Z+ 22 Z
+182Inz + 4z4) 4)
has limits
2 Inz
F(z— 00)>~=-+3—, (5)
3 Z
1
F(z—>0):——§z, (6)
Feoh~t 1 3a g, )
% —_ —_ —
‘ 12720 ¢

The resultant amplitudes, after using the unitarity
condition of the mixing matrice§"> , U* U,,; = 0,
are summarized in Table 1.

The limit m; > My is relevant to models in which
the neutrino is a bulk field while the vector boson
W is not. The amplitudeé\f is suppressed by the
heavy mass agm,/m?)Inm;. Them; <« My case
includes the specific situation of massless neutrinos
m; = 0, which leads to a vanishing amplitude, as
lepton flavor must be conserved in the massless
neutrino limit. For neutrinos with small (zero mode)
masses(m;)o < (Mw)o, as well as the case when
only W has KK states, the amplitude is proportional

2 The sign in front of the log term was incorrectly written down
in [3].
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Table 1 Y
The vector loop amplitudes "V
— W JUCERD
Limits AY [0 P - 1)
3 2 ’ A3
mi 3> My gg,-rrnﬂ 213: (m )U;UUL! ,LL: H > \ :6
1 .
2 1
g™m 3
m; < My 7162111/1;4 Z —1m; UWUez (@)
. 38 3g"mu 3 M‘%V mz *
mi = Mw 1607 M2, 2i- Ui Uei __df-
I” . N\\
y [ > v, ¢
to neutrino mass-squarea,m?/Mj,. This results in \115
a branching ratio so small that the decay cannot be
detected experimentally in the foreseeable future. One o Y
might think that the situation ofi; ~ My could offer (b)

a better chance of having a less suppressed amplituderig. 2. 1 — ey as mediated by a loop having (a) a charged scalar,
But this turns out not to be so. Since, for a given KK and (b) a neutral scalar, boson.

number, the mass-square-difference is given by that of
the zero modesM2, — m?),.0 = (M2, — m?)o, the

, : , 5 4 we find the amplitudes to be
amplitude is again suppressed by, (m7)o/(My)n

leading to an undetectably small branching ratio. Adj(a) __ Z A;Lz v yWG(l’)
¢
3. Scalar loop amplitude B Z M2 ViVl (), ©)

Although the minimal SM needs only one doublet A (@)= - Z ”111/12 Vi yWG(r)

of Higgs particles, in most extensions more Higgs dou- i ¢

Rlvitslﬁre mtroduced._For example, in supersymmetry _ Z m—’zy;-y;il(r) (10)
ggs doublets with opposite hypercharges are re- M

quired. Several versions of compactification of super-

string theory leads todgrand unified theories where  \yherer = m_22 — 1 and the two functions being:

each generation of leptons and quarks has a pair of op- ¢

positely hypercharged Higgs scalar boson. Thus there

: ot : e i . 1 3 1 @+r?

is strong motivation to consider theories with multi- G)= — +tomt+ 5 InA+r), (11)
ples of scalar bosons. Here we are interested how such 3 2r r ré

scalars, and their possible KK excitations, can con- ;. _ }_,_ 2 2 L+ r)

tribute to thepey loop amplitude [14]. Just as in the roor2 2

vector loop case, there is the need to obtain the exact _ 3 In(L+ 1) (12)
intermediate mass dependence. We have performed r3 S

this task and obtained the following result.

In Fig. 2(a) we have intermediate states of a
charged scalar boson and a neutrino. Denote the
Yukawa couplings of the scalar bos¢nto leptonsl; )

A% (b) =
andl; by y;r, =3

In Fig. 2(b) we have intermediate states of a neutral
scalar boson and a charged lepton. The amplitudes are

my 4+ _
i nnge"y*“'H(r)

F@lid) =Gy + ) + 7 A= )]l s izyezylLlK<r> (13)
+he @)
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Table 2
The scalar loop amplitudes -
Limits At Al
1 t++ 1+t
m; > Mg 2 7 Yei Vi 3682w Yei Vi
, My \ mi_ + + 2 MyO my 4+
mi K My 4% In(w rr]t/;; Yei Vi 3 2 m; M;l(l) Yei Vi
LA 1 1 + .+ 1 + +
mi ~ Mg 3 20 7y Yei Vi 12473 5higtD Vei Vi

Them; < My amplitude is somewhat more damped,

my
Ay =y —Lsyayh H )
6 by the heavy scalar masé, asm; M, *In M,.

irrM

n; _
+ Z n—%ye,.ymmm, (14)
1

. 4. Discussion
where the two functions are

1 1 1 14r

H(r) =& = 55— S+ =g InL+ 1), (15)

1 2 2
Kr)==—5+5InA+r). (16)
r r r

4.1. The chiral symmetry perspective

The structure of theey amplitude in Eq. (2), sym-
bolically written asy;; oy g F or Yyroy F, involves

We shall from now ignore thel_ amplitudes as flipping the fermion chirality. Thus the amplitude must
they are similar to thei.. results. After making the be proportional toa fermion mass. Before discussing
simplifying assumption that the masses of the charged 4€t@ils, we observe that if we have bulk leptons prop-
scalar bosonM, and neutral leptonn; of Eq. (9) agating in the extra dimensions, then chiral symmetry
are the same as those for the neutral scalar boson'S Proken in the effective four-dimensional theory by
and charged lepton of Eq. (13), we add the two their Kaluza—Klein states, which are necessarily mas-
amplitudes from (9) and (13)4¢ @+ A¢(b) — A, sive. Having a large chiral symmetry breaking, such
Various mass limits as shoerin Eqs +(5)_(7) can be theories offer from the outset the possibility for a less

taken in a straightforward manner and we display the suppressec,ue.y ampllltude.l This statement IS valid
results in Table 2. We have also listed, in the third whether the higher-dimensional theory has chiral sym-

column, the results when we sum over the contribution metry or npt. Our basic assum_pt.|on is that the zero
of the whole tower of KK states [15] according to mode fermion masses are negligibly small compared
the simple one-extra-dimension formula bf(n) — to their KK excitation. The largest possible fermion

n/R = nM(1) when M(0) ~ 0. Our purpose is_to mass that can bring about the chirality change in the

demonstrate that no qualitatively new feature appearsi“ey gmphtude is different in the vector and scalar
in such amplitude sums, which give overall numerical 00p diagrams.

coefficients and retain the same mass dependences. th T?Lthe vector Iloolp f(t:cr)]ntrl(lj)u(tjlonr,] we r:jave asstjmed
The amplitudeA ;. in them; ~ M, case, as well in at there are only left-nanded charged current cou-

T D -
them; > M, limit, has only one power of heavy mass pllnt?]s. Intsuch|?3|'iuat||9n, he“k?lty ch;nge tlakestplace
in the denominator—they are as large as allowed by on Ihe external lepton ines—hence the relevant mass

the decoupling theorem, which requires the amplitude is that of the muon. Since the amplitude corresponds

to vanish when the heavy mass approaches infinity. to_ a dlmensm_n-flve operator, it mus_t have an overall
dimension of inverse-mass. Thus, in the vector loop
amplitude, we expect a damping factoma,ﬁ/M%, as
3 Subleading terms are dropped from the results in Table 2. Also,
in them; > My amplitude, the leading/1n; terms from Fig. 2(a) -
and (b) actually cancel if the Yukawa couplings for the charged and 4 We have not considered neutral vector loop case as such
neutral scalar bosons are identical. Since there is no reason to expectdiagrams would involve further suppressions at the flavor-changing
such an equality, we keep one of these dominant terms. vertices.
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shown in Eqg. (3). If this was the principal suppression For the first excited KK state witldf, = O (TeV)
factor, the resultant amplitude and decay rate would andm, , . being zero mode lepton masses, Eq. (17)
still be large. The unitarity condition for the mixing gives aB(uey) = 0(10~11), which is comparable to
matricesZ?=l U Uy = 0 causes the actual ampli- the current experimental limit [18] & (ey) < 1.2 x
tude to be much more damped as the subleading term10-11. This means that it is entirely conceivable that
of the F-function in Eq. (4) generally has two ad- the rate predicted by the scalar loop effect is within
ditional powers of heavy masses in the denominator. reach of experimental detection in the near future [19].
Namely, a form of GIM mechanism [16] is operative
here. 4.3. Tau decays

The scalar loop amplitudes are less suppressed
for two reasons: (1) here the necessary chirality  The considerations in this Letter can be applied
change can be effected by the large intermediate directly to radiative decays of the tau leptan= uy
lepton mass, and (2) in the scalar case there is noandr — ey. To the extent that the final lepton mass
cancellation mechanist;_, U U,; =0, as in the  being negligibly small compared to the initial lepton
vector category, to further suppress the amplitude. mass, the tau decay results involve replacing the muon
For them; > My case, the heavy lepton mass massn,, in equations such as Eq. (3) by the tau lepton
in the numerator flips the helicity, and its propagator massm.. Thus an estimate of the branching ratio for
provides two powers of; in the denominator, giving  thetuy decay yields
an over all ¥m; suppression. For the; ~ M, case, 4
either the scalar or lepton propagator can provide the B(tpuy) 20.17&( My, )(y+ y+)2
mass power in the denominator. Because their masses ng*\m2m2 )T

. . . ¢
are comparable, the resultant suppression is again
o (mmq
1/m;. 20.17—< 5 ) (18)
b4 M¢
4.2. Anumerical estimate of the wey branching ratio = 0(10*10), (19)

Ly ; ; ; here 017 is the branching rati®(r — uvv) and
We find it particularly interesting that theey am- w .
P Y 9 ¥ we have used the estimates gf. = gm./My and

plitude can be less suppressed when the intermedi-""~ " Mo Si h isting limit 120
ate scalar and lepton masses are comparable, leadingur = §+/u/it/My. Since the existing limit [20]

to a possibly observable decay rate. From our expe- B(Tiy) = 1.1 x 10~° is still much larger than this
rience with the SM, we expect the Yukawa coupling €stimate, it suggests that such a discovery would only
to be small, on the order of gauge coupling times the come about after a significant increase in experimental
(zero mode) mass ratio of lepton over gauge boson. detection efficiency has been achieved. Since our
In particular, there has been the suggestion of neutral Model estimate sugges(zey) < B(ruy), it is
scalar's coupling to two charged fermionisgnd j) ~ €ven less likely that the decay [22]} ¢y would be
being on the order of /mim;/Mw. This coupling ~ Uncovered any time soon.

ansatz [17] has been studied extensively, and found to

be compatible with known phenomenology. With this 4-4. Conclusion

estimate of the Yukawa strength, the loop in Fig. 2(b)

with the intermediate states being the KK states of a  We have investigated the dependence by thg
tau-lepton and a scalar boson would yield a branching amplitude on heavy particle masses, finding marked

ratio of difference between vector and scalar loop contribu-
4 tions. The vector loop amplitude, even in the compa-
B(uey) ~ %( My, )(yj,yj )2 rable_mass case, is strongly suppressed by powers of
g mﬁMf) " neutrino mass divided by the heavy mass, leading to

5 such a small rate that the decay is predicted to be un-
~ ﬁ(ﬂ) (ﬁ) . (17) observable in the foreseeable future. We have calcu-
My

~ o \my lated the precise mass-dependence of the scalar loops.
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