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S. Rai Choudhury,l‘>k A.S. Cornell,”>" A. Deandrea,>* Naveen Gaur,>® and A. Goyal4’||

'Center for Theoretical Physics, Jamia Millia University, Delhi—110025, India
2Université de Lyon 1, Institut de Physique Nucléaire, 4 rue E. Fermi, F-69622 Villeurbanne Cedex, France
*Theory Division, KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
4Dept. of Physics & Astrophysics, University of Delhi, Delhi—I110 007, India
(Received 5 January 2007; published 21 March 2007)

Little Higgs models with T-parity may provide us with a new source of lepton flavor violation, as such,
in this paper we consider the anomalous magnetic moment of the muon (g — 2),, and the lepton flavor
violating decays u — ey and 7— u7y in the little Higgs model with T-parity [A. Goyal, hep-ph/
0609095.]. Our results show that the present experimental constraints of u — e7y are a much more useful
tool for constraining the new sources of flavor violation, than from the other processes considered here,

which are present in 7-parity models.
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I. INTRODUCTION

Electroweak precision data suggests that the physics of
electroweak symmetry breaking is weakly coupled, there-
fore, in order to have a natural theory, the Higgs mass needs
to be protected from radiative corrections. As a means to
solve this problem a number of extensions to the standard
model (SM) have been proposed, where in the effective
theory approach the collective symmetry breaking mecha-
nism of little Higgs (LH) models is an interesting possi-
bility [1]. For earlier attempts to solve these issues see
Ref. [2]. A detailed review of LH models can be found in
Ref. [3] (see also chapter 7 of Ref. [4]). As the electroweak
sector of the SM has been tested to a very high accuracy an
important test of the validity of LH models is through a
comparison with precision data (for reviews treating this
subject see Refs. [5,6]). There also exists many studies in
the literature concerning the LH model and its implications
to electroweak corrections (see, for example, Ref. [7]) and
flavor physics both in the hadronic [8] and leptonic sector
[9].

Generic to the structure of LH models is the presence of
a global symmetry which is broken at a scale f. The
smallness of the electroweak scale in these models is
ensured by identifying the Higgs with the pseudo-
Goldstone bosons of the global symmetry. The new gauge
bosons and partners of the SM top quark, with masses of
order f, were then introduced to cancel the one-loop
quadratic corrections to the Higgs mass from SM particles.
One of the most popular implementations of the little
Higgs mechanism is known as the “littlest Higgs model.”
In this model, in addition to the SM particles, new charged
gauge bosons (W) and neutral gauge bosons (Zy, Ap),
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heavy top quark (7) and a triplet of heavy scalars (®) are
present. The “littlest Higgs model” has a SU(5) global
symmetry which is broken to a SO(5) at the scale f. Note
that in the original “littlest Higgs” model there was a
problem regarding the breaking of custodial SU(2) sym-
metry resulting in severe constraints on these models from
electroweak precision (EWP) measurements. As such, the
scale f was forced into being raised substantially, resulting
in the fine-tuning of the Higgs boson mass being reintro-
duced. Note that the main source of this problem was due
to the tree-level contributions of the new heavy particles to
the EWP observables.

From the attempts to resolve this problem several new
variations of the original “littlest Higgs” model were
proposed [10]. These new variations had much larger
symmetry structures which respected the custodial SU(2)
symmetry, and hence were able to withstand the EWP
constraints. Another very interesting approach is the im-
plementation of a Z, symmetry called T-parity [11], where
T-parity explicitly forbids tree-level contributions from the
new heavy gauge bosons to an observable involving only
SM particles as external states. It also forbids the interac-
tions that induce triplet vev contributions. In T-parity
symmetric LH models (LHT), corrections to precision
electroweak observable are generated exclusively at loop
level. As a result of the introduction of T-parity the new
physics scale f in T-parity models can be significantly
lowered to less than a TeV. Because of 7T-parity the lightest
T-odd particle also becomes stable. Note that since this
lightest T-odd particle is electrically and color neutral and
of O(100) GeV, it could be a candidate for dark matter
[12].

LHT predict heavy T-odd gauge bosons which are the
T-partners of the SM gauge boson and also heavy T-odd
SU(2) doublet fermions. This structure is unique to LHT,
and as the new particle masses can be relatively low the
next generation of colliders, such as the Large Hadron
Collider (LHC), has the potential to directly produce the
T-partners of the SM particles [13]. The peculiar structure
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of these models can also be tested using precision data,
from present and future colliders [14], in particular, the
flavor structure of the model can be constrained both in the
quark sector [15,16] and in the lepton sector [17].

Furthermore, the neutrino oscillation data from experi-
ments demonstrates the existence of small neutrino masses
and large neutrino flavor mixing. If the small neutrino
mass, as hinted by experiments, is the only source of lepton
flavor violation (LFV), then the LFV processes like u —
ey, T— uup etc. would be heavily suppressed by the
lepton sector Glashow-Iliopoulos-Maiani (GIM) mecha-
nism. However, the presence of new sources of LFV could
enhance these processes to the level of present experimen-
tal limits, where LHT provide such a possible source. In the
following we shall concentrate on the mirror lepton sector,
and on the interplay with the heavy T-odd gauge boson
sector of the LHT by studying the anomalous magnetic
moment of the muon (g — 2),, and the lepton flavor violat-
ing decays u — ey and 7 — wy.

II. LITTLEST HIGGS MODEL WITH T-PARITY

In this section we shall briefly review the Littlest Higgs
model with T-parity of Ref. [11] in order to present our
notation. We follow here, for the leptons, a notation similar
to the one used by Buras ef al. [15,16] in the analysis of
nonminimal flavor violating interactions in the quark sec-
tor for LHT, where the model is a nonlinear chiral-type
Lagrangian based on the coset SU(5)/SO(5).

The first stage of symmetry breaking is at a scale f in the
TeV range, and is due to the vacuum expectation value
(vev) of an SU(5) symmetric matrix 3, that is

0 0 1
3= (0 1 O), (1)
1 0 O

where 1 is the 2 X 2 identity matrix. This breaking simul-
taneously breaks the gauge group to a SU(2) X U(1) sub-
group, which is identified with the SM group. The origin of
this symmetry breaking is not specified in the model but
merely imposed. Therefore LHT are effective theories,
valid up to a scale A ~47f, as can be established in
analogy with similar arguments in chiral Lagrangians.
The generators, T¢, of the unbroken SO(5) symmetry, are
those which satisfy the relation 793, + 2((T%)" = 0. The
broken generators, X¢, of SU(5)/SO(5) satisfy the relation
X3, — 20(X9)T = 0. The SU(5)/SO(5) breaking gives
rise to 14 Nambu-Goldstone bosons; four of the 14
Goldstone bosons are absorbed by the broken gauge gen-
erators, and the remaining ten Goldstones are parametrized
as

hf/\/i ot

I = W2 . @)

h/\2
® /N2
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where £ is the SM Higgs doublet and @ is a complex SU(2)
triplet:

dtt ®+/\/§). 3)

¢ = (qﬁ/ﬁ PO

The second stage of symmetry breaking takes place as in
the SM via the usual Higgs mechanism, at a scale v =
256 GeV.

The effective theory at low energy is described by a
chiral-type Lagrangian with the appropriate gauging (a
[SU(2) X U(1)]* subgroup of the global SU(5) symmetry
is gauged). T-parity exchanges the two SU(2) X U(1) fac-
tors. The symmetric tensor describing the low energy
theory is

S = eiH/fEOeiHT/f — eziH/fEO
=%+?H%+MUﬂ, @)

where f is the scale of symmetry breaking we have just
described; similar to f, in the case of chiral Lagrangians.
The kinetic term for the % field can be written as

2
Ly = D, 30031 ©

where

D, =0,%— iZj[ng}‘(Qj-‘E + EQ;’T)
In the above j =1, 2, the Q; and Y; are the gauged
generators, B; and W{ are the U(1); and SU(2); gauge

fields, respectively, and g; and g’ are the corresponding
coupling constants.

A. Gauge bosons sector

In the gauge boson sector the gauge boson eigenstates
are identified as

Wi + W3 B, +B
Wi="=2 B=——p (D)
V2 V2

W — Wy B, —B
Wi =—1—2  By=—"71-2, 8
H NG H NG ®)

where L refers to the light (and T-even) states and H the
heavy (and T-odd) states. The mass eigenstates are then
given, at O(v*/f?), by the following combinations of
gauge boson eigenstates:

. Wl - 'W2 .
Wi = % Z;, = cosOyW; — sinfy By,
A = sinﬁwwz + cosOy By, ©)

055011-2



LEPTON FLAVOR VIOLATION IN THE LITTLE HIGGS ...

. WL T iwg X v?
Wﬁ =7\/§ , ZH: WH+XHFBH’
U2

where 6y is the weak mixing angle and xy =
5g¢'/4(5g%> — g%) with g and g’ being, respectively, the
SU(2) and U(1) gauge couplings. The gauge boson masses
are then given at O(v*/f?) by

V2
M, = £5(1 - 5
[ B 50?2
=5 5)
The masses of the T-even gauge bosons are zero after the

first stage of symmetry breaking and obtain a mass only
through the second breaking, their masses being

2 2

gv v gu v
My, =°-(1-—%) My = 1- ,
i 2( 12f2> & 2c050W< 12f2>

M, =0, (12)

L

My

B. Mirror fermion sector and mixing

For each SM SU(2); doublet, a doublet under SU(2),
and another under SU(2), are introduced. The T-parity
even linear combination is associated with the SM
SU(2); doublet, while the T-odd combination is given a
mass of order the scale f. This being required for a con-
sistent implementation of 7-parity in the fermion sector
[11]. The fermion doublets are embedded into the incom-
plete representations of SU(5) (¥, ¥,) and an additional
T-odd SO(5) multiplet W is introduced as

i 0 Ui
\PI = ( O ), q’z = ( O ), \PR = XR ,
0 i R

(13)
with

g = —o’f; = _(72<dl: >, g = _i0'2< uHR) (14)

dH R

and i = 1, 2. Under T-parity these fields transform in the
following way:

V)= =250y, W, = =2V, Vg = — W,
15)
and the T-parity eigenstates of the fermion doublets are
Hh—h fith
= , = . 16
fL \/E fH \/z ( )

f1 are the left-handed SM fermion doublets (7-even), and
fy are the left-handed mirror fermion doublets (7-odd).

PHYSICAL REVIEW D 75, 055011 (2007)

Where the right-handed mirror fermion doublet is given by
/z. The mirror fermions acquire mass through the Yukawa
interaction:

ki f (Vo gWh + WS 0et QW) + He,  (17)

where & = ¢/!l/f Before electroweak symmetry breaking
(EWSB) the T-odd fermions (heavy fermions) acquire
mass ~+/2k;f, while after EWSB small mass splitting is
introduced between 7-odd up and down type quarks [13]:

m%i = \/ikif = my;, (18)

U2 ‘U2
mi, = ﬁx,-f<1 - 8_f2) = mHi<l — 8_f2> (19)

where «; are the eigenvalues of the mass matrix . The
additional fermions ¢ and yx can be given large Dirac
masses, and we assume that they are decoupled from the
theory. From the above equation we can see that, to a good
approximation, the masses of up and down type T-odd
fermions are the same.

In a similar way to what happens for standard fermions,
the mirror sector has weak mixing, parametrized by unitary
mixing matrices; two for mirror leptons and two for mirror
quarks:

Ve, Vi Viu Via (20)

which are related to the well-known quark CKM matrix
Vekm and its corresponding analog for leptons Vpynsg by
the relations:

Vi, Vie = Veuns: VEVia = Vexw- (21
Furthermore, this implies that one can not turn off the new
mixing effects, except with a universal degenerate mass
spectrum for the 7-odd doublets. In our analysis we as-
sume all the particles to be Dirac and hence the VPMNS1
matrix can be parametrized by four parameters (three
mixing angles and one phase). The mixing in the lepton
sector will be the main focus of our phenomenological
analysis, where a detailed discussion of the parametriza-
tion of the mirror lepton mixing matrices is given in
Sec. IV.

III. ANALYTICAL RESULTS OF (g — 2), AND
m— ey
In this section we shall summarize our analytic results
for the anomalous magnetic moment of the muon (g — 2),,

and the two lepton flavor violating decays u — ey and
T — wy from the Littlest Higgs model with T-parity.

'The Vpyns matrix is the usual Pontecorvo-Maki-Nakagawa-
Sakata matrix [18].
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A. Anomalous magnetic moment of the muon

For the (¢ — 2),, we have, in addition to SM contribu-
tion, the following additional contributions in LHT model:
(i) The W} contribution.
(ii)) The Zg contribution.
(iii) The Ay contribution.
(iv) And the @ (triplet Higgs) contribution.
As such, the additional diagrams which will contribute to
(g —2),, (at one-loop level) are given in Fig. 1, and where
the contribution to the a,, due to the new particles can be
written as

abl' =a,(Wy) + a,(Ay) + a,(Zy) + a,(P). (22)

Note that the contributions due to triplet Higgs (®) can
be neglected, as their coupling to SM fermions and 7-odd
fermions is of order (v/f)? (see Appendix A of Ref. [15]).
As such, Figs. 1(c) and 1(d) will give contributions at the
(v/f)*level (as these diagrams have two vertices involving
the triplet Higgs). In order (v/f)? calculations we can
therefore neglect any such contributions. This means we
shall only consider contributions due to heavy gauge bo-
sons given by Figs. 1(a) and 1(b).

The various contributions due to gauge bosons in the
unitary gauge are

a,(Wy) = 32 > M2 Z (Vuo) (Vi) nFw,, (x;),
Wy i=1,3
M 2 23)
where x; = <i> s
My,
Y Y
Ly W
T 2 T v T
(a) (b)
Y
/, \‘(D_
u . VHi -
(d)

FIG. 1 (color online). Diagrams of the additional contributions
to the (g — 2),, arising from LHT.
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2

\% V F

a ( H) = 32 ZM% 1213( H(’)tz( HO 2 ZH(y) "

M{H‘ 2 (
where y; = ( ) ,

My,

g
ap,(AH) 300 ZM: 213(VH€) (Vﬂe)izeH(Zi),

M., (25)
where z; = ( ') s

My,

and where the functions Fy(x) have been defined in
Appendix B.

In the next section we shall generate plots of a4 for
various values of f and mirror lepton masses.

B. Lepton flavor violating decays

We shall now consider the lepton flavor violating decays
of the form f1(p;) — f2(p2)y(q), with ¢ = p; — p;. In
these calculations we shall take the fermions f| and f, as
having masses m; and m, respectively. As the external
fermions are on mass shell, we also have that p? = m?,
p5 = m3. As such, the amplitude for the decay can be
written as e€),(q)M*, where €),(g) is the polarization
vector of the emitted photon. The most general M#* for

an on-shell photon2 can be written as [19]
MH =iiay[ot"q, (o P + ogPg)]uy, (26)

where P; = (1 — y5)/2, Pg = (1 + ys5)/2 and o, oy are
the respective coefficients. From the expression given in
Eq (26) we obtain the partial decay width for f; — f,y
as™:

(m} — m3)?*
167m3

= (lopl* + logl?). (27)

Assuming the fermions f; and f, interact with a neutral
or charged vector boson, B,, and with another fermion F,
the gauge interaction part of the Lagrangian can be written
as

2
L= Z[BMFY’L(LI'PL + R;Pg)f;
=

+ B, f,'y“(L P; + RIPR)F], (28)

where L; and R; are coefficients of the operators (model
dependent). In our case (LHT), from Table I in
Appendix A, we can see that we do not have any right-
handed currents contributing to the process. As such, R; =
0. Equation (28) then becomes, for our case,

By an on-shell photon we mean €},(¢)g* = 0.

3In our numerical analysis we have not included the suppres-
sion factor of ~15% which arises from the electromagnetic
corrections [20].
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TABLE I. Where x;; = 5gg’/4(5g% — g).
Particles Vertices Particles Vertices
éiWL_MVj i%(VPMNs)ijPL DH,W;MEJ i%(VHK)ijPL
7.z1¢, & y[(— L+ sin2,)P,, + sin’0, Pel5;; y Z1¢; i(= %+ &5 ) (Vi )iy Pr
EiAfgj _i8/7“5ij EH,AZ@ i(% + %XH ;_i)(VHé)ij'y#PL

2
L = Z[BMFYILLiPLfi + B}, fiy*L; P, F] (29
=

In the LH model we will also have contributions from
loops containing mirror fermions, Wy, Zy and Ay, as
shown in Fig. 2. Their contributions to o; and oy [as
defined in Eq. (26)] can be defined as™:

o, = (0w, +(01)z, + (0L)a,
(30)
or = (op)w, + (0r)z, + (OR)a,

Where the expressions for the o’s above are given in
Appendix C. However, as one final note, in our case
(with T-parity) Eq. (28) can be expressed as, using the
vertices given in Table I:

£=i—gZz7 Y. PL(V 4)--€W“+i<—i+g—1x U—2>
\/Zin[,U«L HC)ijYj " H \/Z IOHf2
!

_ u g gl U2
X €Hl_’y PL(VHe)i'g'ZH + l(f"‘fof)
Zj/ # 7 10 1077 f2

- 'U4
ij

In the next section we shall study how the branching
ratios for the decays w — ey and 7 — wy change for
different values of the parameter f, and for various mirror
lepton masses.

IV. NUMERICAL ANALYSIS AND DISCUSSION

Before presenting our numerical analysis we would like
to point out that though we can have no direct information,
or constraints, on the mixing matrices Vg, and Vg, re-
quired for our calculation, Eq. (20) relates their product to
the matrix Vpyns. Furthermore, as data from neutrino
masses, neutrino mass differences, and neutrino oscilla-
tions do place constraints on this latter matrix, this shall be
the only constraint one has to respect in discussing our
numerical results.

As such, for our numerical results we shall use the
standard parametrization the of Vpyng matrix, which can
be written as

*Note that we have neglected the Higgs exchange diagrams
which contribute at higher order in (v/f)>.

1 0 0 Cret 0 s o
VPMNS = (O Catm Satm) 0 1 0

_ e b,
0 Satm  Catm Sret€ 0 Cret

Csol Ssol 0
X ( “Ssol  Csol 0 )
0 0 1

= U(eatm) U(Brct) U(0801)’

where the 6,,, 0., and 6, are the atmospheric, reactor,
and solar mixing angles. From neutrino oscillation experi-
ments we have Am?, ~8 X 107° eV 2, sin?26,, ~ 0.31,
| A mi| ~2.6 X 1073 eV2, sin?260,,, ~ 1.0, and
sinf,; = 0.2 (for our calculations we have taken sinf,,, =
0.2). From WMAP constraints we also have that
Y ic123m; <2 eV (that is, the sum of the masses of the
three SM neutrino species). As such, the structure of the
leptonic sector mixing matrix, Vpyns, Which is analogous
to the quark sector Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing matrix, can give rise to the lepton flavor
violating processes (such as u—ey, 77— uy, ™7—
w(m K), 7~ — u (e )utu~, etc.) within the SM.
Within the SM these flavor violating processes will be
dependent upon the structure of the mixing matrix
(Vpmns) and the neutrino masses. The smallness of the
neutrino mass, as indicated by WMAP data, ensures the
suppression of these processes to a level which cannot be
probed even in the foreseeable future. The lepton sector
GIM mechanism suppresses the branching ratio of u —
e’y to a value of less than 10~4° within the SM. As such, we
shall refer to this situation as minimal flavor violation
(MFV) [21].

As discussed earlier, in LHT we can have new mecha-
nisms for lepton flavor violation(LFV) arising from the
flavor mixing in the mirror fermion sector. The mixing in
that mirror fermion sector can, furthermore, give rise to a
TeV scale GIM mechanism. This has been extensively

Y
Zu, An Wa(Wp)

u- A,(J\’\/v\/\/‘% e ,U*‘ m Lol
" by c Vi (V)

FIG. 2 (color online).
LHT.

The Feynman diagrams for u — ey in
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discussed in the case of hadronic decays [15]. The possible
implications of this TeV scale GIM mechanism in the case
of lepton sector has been stressed in the T-parity model
[17]. As such, there is a possibility of large enhancement of
LFV decays in the T-parity model, despite the presence of
a TeV scale GIM mechanism in the lepton sector. We shall
quantify this by calculating some definite values of the
mixing matrix and other LH parameters.

The new mixing matrix which gives rise to flavor vio-
lation in the lepton sector (V) in general has four pa-
rameters, namely, three angles and one phase. The
presence of this mixing matrix arises from the possibility
of a departure from MFV, which was present within the
SM. We therefore parametrize this mixing matrix with
three mixing angles (61,, 63, 6;3) and a phase () as

1 O 0 C13 0 S1367i6
VH€ = (O Co3 S23> 0 1 0

0 —sp3 o3 _S136’i‘s 0 €13

cp s 0
X —S12 C12 0
0 0 1

= U(03)U(0,3)U(65).

Furthermore, the parameters of the little Higgs model with
T-parity relevant to our study are

Sfomp, my,my,, 015, 03,6013, 6,

where f is the global symmetry breaking scale, my (i =
1,2, 3) are the masses of the three generations of mirror
leptons, 6;; and & are the mixing angles and phases of the
mixing matrix Vy, as defined above. Additional to this the
LHT has an additional parameter x;, which indicates the
mixing of the top sector of the model. This parameter
however is not relevant to our current analysis as we
have assumed the mixing matrix Vg, to be real (6 = 0).
The other parameters listed above can be constrained by
the experimental bounds on a large number of LFV pro-
cesses, namely u — ey, T— uy, T— ey, T— UUML,
T — eee, etc. In this work we have tried to highlight the
importance of the existence of the new GIM mechanism in
the mirror lepton sector by studying the u — ey and 7 —
My channels. Similar to the study of rare hadronic decay
modes of Ref. [15], the new mixing angles 6#,,, 6,3, and
6,3, and the pattern of mirror lepton masses, can in prin-
ciple be determined from the lepton flavor violating loop
decays (as T-parity forbids the existence of these processes
at tree level).

At this point we would like to stress that for the depar-
ture from MFV, the following conditions need to be sat-
isfied:

(1) The matrix Vg, should be different from the Identity

matrix.

(2) The three generations of mirror fermions should not

be degenerate in mass.

PHYSICAL REVIEW D 75, 055011 (2007)

For a few typical cases (that satisfy these conditions) which
we shall use below, as the means to present our results, are:
Case A Where we assume that Vi, is related to Vpys. In
this case we have four input LHT model parameters,
namely, the three masses of the mirror leptons and the
symmetry breaking scale f.

Case B Where we assume the hierarchy of the mixing
angles to be

S K S13 < §73. (32)

Case C Where we assume that the hierarchy of the mixing
angles is
S12 < Mok} < S13. (33)

We shall now analyze the effects of the above cases on our
observables for (g — 2),, u — ey and 7 — wy, where the
present experimental bounds for the observable are [22]

da, =22(10) X 10717,
Br(u — ey) = 1.2 X 107!
Br(r — py) = 6.8 X 1078

[90%C.L.],
[90%C.L.].

A. Anomalous magnetic moment of muon (da,)

First, we shall present the results for a, in the case
where the mirror leptons have degenerate mass and the
mixing matrix (V) is the identity matrix. In this case we
only have two parameters in the model, namely, the LH
scale (f) and mass of the mirror leptons. The results are
plotted in Fig. 3. As mentioned above, this is the MFV case
of the SM, and hence u — ey and 7 — p7y will stay at
their SM levels. Note that, as can be observed from the
graph, although 8a,, shows substantial variation as a func-
tion of the LH scale, its value is still much lower than the
present experimental bounds. We have also tried to esti-
mate the value of 6a, for the other cases listed above, and
found that the results are much less than the present

1.4e-10 T T T T
m,, =200 GeV
H
1.2¢-10 F m, = 500 GeV 4
m, =800GeV ........
H
le-10 |
S Sell [

Ge-11

4e-11 |

2e-11 L L L L
500 600 700 800 900 1000

FIG. 3 (color online). éa
m

u» Where we have assumed my, =

v+ 1.€. the same mass for all the mirror fermion doublets.
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le-08 - ,

400 GeV

450 GeV oo
< . 500GeV -
le-09 | e e 3
=
o
T le-l0 F .
= .
@
le-11 F B
leel2 Lo ‘ ‘ ‘ ‘ ‘
600 800 1000 1200 1400 1600 1800
£(GeV)

FIG. 4 (color online).
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le-08

400 GeV ———
450 GeV e
500 GeV -
1e-09 -
2 lel0f
=
T
e
& le-11f
le-12 |
le13 L ‘ ‘ ‘ ‘ ‘

600 800 1000 1200 1400 1600 1800

f(GeV)

Case A-1(Vye = Vpuns): 4 — ey (7 — w7y) as a function of f in the left (right) panel for different values of

the second generation mirror lepton masses. The masses of the first and third generation mirror leptons are 400 GeV and 500 GeV,

respectively.

experimental bounds. Our numerical analysis thus shows
that the anomalous magnetic moment of the muon cannot
provide any useful constraint on the LHT model
parameters.

B. Lepton flavor violation
1. Case A

In this case we shall consider Vy, as being related to
VpMmns, Where in this case we have the minimum number of
additional parameters. The additional input parameters for
this case are f and the masses of three generation of mirror
fermions. For Vpyng We take the standard parametrization,
with parameters given by the neutrino experiments.
Furthermore, we shall discuss the four cases, in analogy
to the discussion given in Ref. [23], namely:

(D Ve = Vpuns-

(1) Ve = U(eatm)U(arct)'

(I11) VH€ = U(eatm)-
av) Vg, =1L

f=600 GeV
le-09 . -
le-10 k" 5" v
= el
[}
7
=
F le12
le-13 | L 1
le-14 — : :
le-12 le-11 le-10 le-09 le-08
Br(t > py)

FIG. 5 (color online).

Case A - I: We have presented our results of case I in
Fig. 4. As can be seen from the figure, in this case the
branching ratios are very sensitive to the mass splittings of
the mirror leptons. Furthermore, in this case the experi-
mental measurement of u — ey practically rule out any
substantial mass splitting between all three generations of
the mirror leptons. For this case we have also shown a
scatter plot of the correlation between w — ey and 7 —
oy in Fig. 5. In this plot we have varied the masses of the
mirror leptons in the range 500—-600 GeV. As can be seen
from this figure, the uw — ey decay practically rules out
most of the region where there is splitting between the
mirror lepton masses. However, there are still some regions
where we can have a fairly high (although still within the
experimental limits) rate for the 7 — w7y decay. Note that
any improvement in the 7 — wy decay rate in the future
would further constrain these parameters.

Case A - Il & III: In these cases there is no significant
change in the rate of the u — e7y decay for the range of
mirror lepton masses considered here. The reason for this is

le-09
1e-10 [q o oq% sy
= le-11
(5]
T
=
F le-12 .
le-13F . . .
le-14 - : : :
1.08e-10 11210 1.16e-10  1.2e-10
(2-2),

Case A Co-relation between the 7 — wy and g — e7y decays (left panel) and the u — ey and (¢ — 2),, (right

panel). Masses of the heavy (mirror) leptons are varied randomly in the range 500 < m,, <700 GeV and f = 600 GeV.
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Case A - 11
le-08 T T T
400 GeV
1e-09 450 GeV 4
500 GeV e
le-10 F
o~
3. le-llF
T lel2f e 4
m
le-13 | :
le-14 F e
le-15 L— . . . . .

600 800 1000 1200 1400 1600 1800

£ (GeV)

FIG. 6 (color online).
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Case A - 111
le-08 T T T
400 GeV
450 GeV
le-09 |

le-10 |

le-11 |

Br(t —>pvy)

le-12 | 1

600 800 1000 1200 1400 1600 1800
1 (GeV)

Case A - II (left panel), III (right panel): 7 — w7y decay as a function of f for different values of the second

generation mirror lepton mass. The masses of the first and third generation of the mirror leptons are 400 GeV and 500 GeV,

respectively.

due to these cases corresponding to the situation where
Ve = Vpmns and s, = 0 for case I, and 51, = s;3 =0
for case III. In this case we do not have any appreciable
mixing in the first two generations of the mirror leptons,
and hence no great change in the predictions of the u —
ey decay. However, the rate of the 7 — uy decay can be
substantially changed. We have plotted the rate of the 7 —
py decay as a function of the LH scale for case II and III in
Fig. 6. As can be seen from these plots in Fig. 6, the
predictions are still below the present experimental
bounds. However, if data for the 7 — w7y decay were
improved in the future, from high luminosity SuperB fac-
tories, this would help to constrain the possibilities greatly.

Case A - IV: This is the MFV limit of the LHT. In this
case, as there is no mixing in mirror lepton sector, there
will be no contribution to LFV processes.

2. Case B

In this case we have assumed the pattern s;, <K 513 <K
s»3. In Fig. 7 we have shown the results for the fixed values

le-10 - T
400 GeV
500 GeV
600 GeV e
le-11 |
=
o
T
=z
=
<)
le-12 |
le-13 L L L L L P

600 800 1000 1200 1400 1600 1800

f(GeV)

FIG. 7 (color online).

of the angles, as given by

So3 ~ 02, S13 ™~ 002, S~ 0.002.

This pattern ensures a very small mixing in the first two
generations of the mirror leptons, which ensures we keep
the u — e7y decay rate rather low. However, in this case we
can still have sufficient mixing in the second and third
generations to have a higher rate (although still within the
present experimental bounds) for the 7 — w7y decay.

3. Case C

In this case we are assuming a hierarchy s, <K 553 <K
513, where in Fig. 8 we have plotted for specific values of
the angles, given by

Nk 002, S13 ™~ 02, S~ 0.002.

In this case the mixing matrix Vy, is essentially diagonal.
As such, there is very little mixing between the mirror
leptons, which results in a lower value for the decay rates
of u = eyand 7— uy.

le-08

400 GeV

500 GeV
1e-09 | 1
= le-10 | E
3
T
N
@ le-l1 | E
le-12 | E
le-13 L L L L L L

600 800 1000 1200 1400 1600 1800
f (GeV)

Case B: The u — ey (7 — u7y) decay as a function of f, in the left (right) panel, for different values of the

second generation mirror lepton mass. The masses of the first and third generation of mirror leptons are 400 GeV and 600 GeV,

respectively.
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le-10 — le-10

" 400 GeV —— 400 GeV ——
500 GeV
500 Gev le-11 600 GeV -
600 GeV -
le-12}
le-11F
> Z le3k
t T b
= T leldf
m m
le-12 F
le-15F
le-16
le-13 . . . . . e le-17 . . . . . .
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
f(GeV) £(GeV)

FIG. 8 (color online). Case C: The u — ey (7 — u7y) decay as a function of f, in the left (right) panel, for different values of the
second generation mirror lepton mass. The masses of the first and third generation of mirror leptons are 400 GeV and 600 GeV,
respectively.

C. Final remarks of T-parity models has been done [25]. They agree quali-

To summarize, the experimental results for the anoma- tatively with our results.

lous magnetic moment of the muon (da,,) do not constrain
the LHT. However, as T-parity models provide new ACKNOWLEDGMENTS
sources of lepton flavor violation one can extract useful
constraints on model parameters from various lepton flavor
violating processes. In this paper we have analyzed the
effects of these new flavor violations in T-parity models on
the decays u — ey and 7 — wy. From the present experi-
mental results of the uw — ey decay, rather strong con-
straints on the texture of the new flavor violating mixing
matrix and the mass splitting of mirror leptons, can be
derived. The proposed MEG experiment, which is ex-
pected to further improve the measurement of branching
fraction w — ey up to 107'% [24], could provide even APPENDIX A: FEYNMAN RULES
more useful constraints to the structure of the mirror lepton
sector of the LHT. Furthermore, there are practically no
constraints from the 7 — w7y decay on the model parame-
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In this appendix we list all the relevant Feynman rules
for our analysis, which have been summarized in Table I

ters from present experimental results. Future SuperB fac- [15].
tories, which may observe the 7 — vy and 7 — ey decays
— 10 . .
at rates of 10™"Y, may provide very useful constraints on APPENDIX B: FUNCTIONS FOR (g — 2)
the model parameters. "
Note that in a recent work a much more detailed study of The functions used in the determination of the LH con-

various lepton flavor violating processes within the context  tribution to (g — 2),, are [26]
J

o 2R+ y) = X2y — 3y ) —x Py — 1)

Fyxi) = ﬁ) w y+x, 07—y +x(l-y) ' B
o =)= 2) =3P+ X))+ x, (P - x?))

Fz,0) = ﬁ) dx (1—x) +x,(*—x) +yx ’ (B2)

with x, = (7).
In the limit PSCM — 0, that is, where we neglect the u mass when compared to My, , the above integrations can be
analytically expressed as

10 — 43x; + 78x7 — 49x] + 4x} + 18x] log(x;)
6(x; — 1)*

Fy,(x;) = ) (B3)
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—8 + 38y, —39y? + 14y — 5y* + 18y? log(y; )

FZH ()=

12(y; — 1)*
(B4)
APPENDIX C: FUNCTIONS FOR g — ey AND
Ty

In determining the branching ratio for the decays u —
ey and 7— u7y, we have made use of the following
expressions [19]. Firstly note that upon comparing
Eq. (29) with Eq. (30), for the u — ey decay, the coef-
ficients L; will have the values:

. ; g
W, contribution: (LW#)* =~ (v i
H ( 23 )1 \/—2'( H€)2
i
(LYmy: = —%(v,ﬁ)ﬁ
g’ 2
Z ycontribution: (L ), = i( T 7XH >(VH€)21"
!
(L) = —i(—% + oy fz)WHe)

Apcontribution: (L),

] g/ g/ UZ
l<1—0 1o~ f2>(vH€)2ir
(Le™);

(8 &
a l<10 1fo2>(VH€)“’

(ChH
J

yilmp, mg) = m,

ya(mp, mp) = m,

m
Vi(mp, mg) = m

2

yz(mF, mB) =m, 26‘1 + 2d2 + Zf +

Where in the above equations we have used

2

a= 16 QCO(ml’q mz, mp, mF’ mF)
2 2
C = 16 2C2(ml’q m3, My, My, Mg),
d C ( 2 2 )
2 = 22 mqu m2: mB: mF? mF

162

2a +4c; +2¢y +2d; +2f +
2a +2c; +4cy +2d; +2f +

2c2+2d1+2f+ F(a—201—02+d1+f)+
m

PHYSICAL REVIEW D 75, 055011 (2007)

where the index i sums over the three generations of mirror
fermions, where analogous expressions for the decay 7 —
My are given by selecting the appropriate elements in V.
Defining now the product:

A= WL X =Wy Zy Ay (CD)

the LH contributions to o, as defined in Eq. (30), can be
written as

W
= Qw, A, "Y2(mi,,, my,),
Woo o
= QWH/\i Hyl(leHr mWH)r

7 .
= Q€H Ai HyZ(mlfH’ mZH)r

Wyloop: (a1 )w,
(O'R)WH

Zyloop: (071)z,
(C3)

7 )
(U'R)ZH = Q€H/\iH)’1(m2H: mz,,,):

Aploop: (U'L)AH = QeH/\?H)Q(m%H, mAH),
A .
(O'R)AH = Qe,, iHyl(mlgH; mAH),

where Qy, is the charge of W and Qg is the charge of the
heavy mirror lepton. The loops and y functions are given as

m2 m2
—L(—c, + d, +f)+22(cz+d2+f)}
m
B B

12:( cptdy+f)+ %(Cl +d, +f):|
mB mB

o (C4)
s ( ¢y +dy + f)}
F(a_cl_2C2+d2+f)+ ( C1+d1+f)i|
i
¢ = Wcl(m%’ qz’ m%, m%;, m%, m%),
i
d, = @Cn(m%, g% m3, m3, m%, m%), (C5)
f = C12(m]r q m%: m%; mF! mF)

and where Cy, C;, C,, Cy;, Cy,, and C, are the PV functions. If we now use the approximation that m% = m% = (0 and
g* = 0 the above PV functions can be written in terms of t = m%/m% as [19]
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5125225

Using Eq. (30) and (C3) in Eq. (27), we obtain the branching ratio.
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