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Introduction

Non-Sterile EW scale Vg model (Minimal Version)
PQ Hung, PLB 649 (2007)

® Gauge Group - Same as Standard Model

® Leptons
=(2) o #=(3)

R

® (QQuarks

UR, dR <—— UL7 dl_

® Higgses (With Custodial Symmetry)

( o ) ( NV )
¢ = _ = -0t 1)
0 X X S
¢ ¢ X__ 5— XO*
2, Y=1/2) X3, Y=1/2) £3B,Y=0 (1, Y =0)
Georgi-Machacek
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Motivations

Motivation of the original model S
- LFV processes to probe for new physics /_
(SM contributions are minuscule!) e }
- Parity Restoration (at high energies)
- Non-perturbative (Lattice) formulation of SM

(e.g. to study 1% Phase Transition etc)
- Left mirrors Right (fermions)

L

- Electroweak scale non-sterile Vg
(“Testable’ Seesaw Mechanism)
- Embed-able into GUT like Es

Two Extensions
- Mirror Higgs doublet was introduced to accommodate the 125

GeV scalar resonance observed at LHC
[Hoang, Hung, Kamat, 1412.0343]

- Introduce a Ay triplet of scalar singlets {®si} to account for lepton
mixing etfects [Hung and Le, 1501.02538]
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Neutrino Masses in EW scale vk Model

® Majorana Mass from Triplet
Lar = guly " oomox 1Y
= guVRO2VRX" + -

— MRvkoovR + - - - (As opposed to GUT scale!)
with MR = 9M<XO> = gMUMZ Mz/z ~ 46 GeV

® Dirac Mass trom Singlet

Ls=gsilrgsly +H.c.
= gsiVr¢svr + -+ H.c.
— Mpvrvivp +--+-+ H.c.

with Mp = gJsi <¢S> — (gs1Us (Not necessarily related to EW scalel)
® Light Neutrinos (See-Saw)

m, = —= < O(eV) Zm,, < 0.23 eV [Planck 2015]

If gg; ~ O(1), thenvg ~ O(10°~ % eV);
If gs; ~ O(107°), thenvg ~ O(Agw ~ 246 GeV).
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Further Extension: A4 Model of Neutrino Masses

Recently, the minimal model has been extended to include a A4
symmetry in the neutrino sector (Hung & Le, arXiv:1501.02538).

Instead of one, four Higgs singlets were introduced.

Field | (v, | (v, I™M)g | er | e | dos | ¢5 | Do
A, 3 3 3 1 | 3|1

(68

A4 multiplication rule

= 1(11 +22+33) +1/(11 + w?22 + w33) + 17(11 + w22 + w?33)
+ 3(23,31,12) 4 3(32,13,21)

Three Yukawa couplings are now possible for the neutrino Dirac mass
Lg=—1} (goscbos + 1505 + gzsﬁgs) I + Hee.
3( 1 3 3 )3

where gis and gos terms are the two _possible \_Vays that the triplet singlet
couples to the product of lepton doublet and mirror lepton doublet.

However (225)" = g1s from lepton mass reality!

Similar Yukawa couplings for right-handed SM singlets can be written down
with three new Yukawa couplings g'os g'1s and g'2s.
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More Details of the Extension - 1

® [rom the A4 multiplication rules, we have

where

My =

Lg = —E (905%5 + g156s + gzsés) l%’o + H.c.
= 19 Myl " 4+ Hee.

(905%5 91s¢3s QQS%S\
925935 GosPos G15P1s

\915@5 G25915 905%5)

—> MP=

/ gosvto gisvs 925712\
g25v3 gosvo gisvi

\91502 g25v1 gos’UO/

® Using vo = (¢os), Vi = (Pis) = v, we diagonalize MP?

mi1p 0 0
UiMVDUV — 0 ™map 0 )

0

Cabibbo (1978),
Wolfenstein (1978)

U, =Uly,

For charged lepton mixing!)

U, = —
V3

1l w w

O ™M3p

11 1
\1

1 w? w

2
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More Details of the Extension - 11

® In the mass eigenstates,

l% = UéZL : ZM’O

. lMlM
n =

the interaction becomes 1 1

LS — —Z_L UgMgbf:{M l% + H.c.

= 1 U s Mo Upiinsly + Hee.

where

My = Ul MU, , [UPMNS = UJUQ and [U]%/INS = USUEMJ

® Including the SM right-handed singlets and mirror left-
handed doublets, the interaction is

Ls = —I1 Upnins My Upninslie — Ir Upning M’ Uprinslzh + Hec.
- Z U1 Prsl i, + Ui Tridusi ) + Hec.

1,m,k

where [EMNS—UUZJ[ oins = UTUY J and 1% =Uxlg , lf’ozUlLle.

— UJM:qu M same as My with gos — ghs, 915 — 155 925 — Jas-
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® MF*is given by
TABLE I. Matrix elements for M*(k = 0,1,2, 3).

The Mixing Matrices ‘U™ & U~ Mt Value
3 M{)QvM?SvMSDMS&MgDMgQ 0
Lk INT k M
Z/[z'm — Z ((UL) ) Ul/) ij Mjn (UJ ’ UR )nm y M?17M§27M3(,)3 gos
jm=1
3 M111»M1217M131 %Re (915)
M *
= Z (UE’MNS) . Mjkn (UPZ’MNS) 3 M212’M222’M232 %Re (W 915)
. 1] nm
jn=1 Mgz, M3y, M3, 5Re (wg1s)
_ T k M .
= (U pans - M7 U PMNS) R My, My, 2Re (wgis) | Contamns
um ) g , . information
M127M21 3 (915 +w915) about A4
3 >k >k
Rk INT 'k t M M1327M221 % gis +w ng) Symmetry
it = > (R u,) gk (ug-olt) o et | in the
jn=1 i nm Mis, M3, sRe (w*g15) .
3 9 2 r3 1 . neutrino
Z (U/T ) M/k <U/ZM ) My, Mg, 3 (915 + w 915) sector
= o PMNS ij Jjn PMNS o ) M%37M321 %(g’{s —|—wg15’)
1 1 2
T 'k prriM My, M3, sRe (g19)
— <UPMNS - M UPMNS) ) 5 -~
v Mjs, M3, Lf),) Re (915)
| 1 1 1 M233, M??z %WRG (915)
_ 77t _ 2
Uy = UC w = 3 1 W w2 ® M'* can be obtained from M#with gos — g'os
v and g1s — g'1s
271/ 3
W = € /
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UpnNs

® Standard Parameterization
C12C13 S$12C13 313€_i5 1 0 0
Upmns = | —512C3 — C12523513€"  ClaCag — S12503513¢"°  Sp3c1s | - P P = 0 een/2

i i 0 0 eos/?
512823 — C12C23513€ —C125923 — S12€23513€ C23C13

Mixing Parameters Normal Hierarchy Inverted Hierarchy

sin® 015 0.308 £ 0.017 0.308 £ 0.017
.2 +0.033 +0.139 . . . . .

Sin” 023 0-437 /023 0.455 0031 ® (apozzi, Fogli, Lisi, Marrone, Montanino,

sin® 63 0.02341 00070 0.024 0025 and Palazzo, PRD 89, 093018 (2014)
5/ 1.3970-38 1.3175:29 [arXiv:1312.2878]

om? =m3 —m? (7.5470-20) x 107%eV? | (7.54170:35) x 107 5eV?
Am? = |m3 — (m? +m3)/2|||(2.43 + 0.06) x 10~3eV?|(2.38 £ 0.06) x 10~ 3eV?

( 0.8221 0.5484 —0.0518 + 0.1439i \
Upring = | —0.3879 + 0.07915i  0.6432 + 0.0528; 0.6533

\ 0.3992 + 0.08984i —0.5283 + 0.05993i 0.7415 )

( 0.8218 0.5483 —0.08708 + 0.12813 \
Upring = | —0.3608 + 0.0719i  0.6467 + 0.04796i 0.6664

\ 0.4278 + 0.07869: —0.5254 + 0.0525i 0.7293 )
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Calculations

FHarly calculation of pi—ey and T— Y in the minimal

model was done back in 2008 [PQ Hung, PLB 659
(2008)].

Here we perform an updated analysis in the extended
model with A4 symmetry.

Current Limit (April, 2013)
B(uwr—e™y) =5.7x107" (90%CL)

MEG-II Short Term Upgrade
Engineering Run - End of 2015
Physics Run - 2016

im

:EXP@Cted upper hmlt 4->< 1 0_14 Figure 1: The MEG detector.
- an order of magnitude improvement!
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The Invariant Amplitude

4 )

M7 (p) — I (0")7(q)) = @;(p')io" 4, [C} L + C Rlu;(p)ei (q)

. J

3 3 2

1J € 1 S * m
CY =47 >y {me [miuﬁ (U + mulk (UkF) ] 7 ( §3k>

k=0 m=1 mlM
L Rk /Ly m?b
+ —Ujm (uim) J 2Sk )

m

. B3 | m2
ij Lk (7/LE\* Rk (7 /RE\* ¢
CR7 =+ 1672 Z Z m2M [miujm (U’ém ) + mjujm (uim ) ] 1 mQ;k
k=0 m=1 lm lm
1 L F (gRRY* Mg, b
+ m jm ( m ) J m2 - =
I M e RN
® Jand/] (Ighoring m; and m;) / '\
/ \
1 I |
Z(r) = 1201 — ) —6r°logr +r(2r* +3r —6) +1| > l ZT
1
J(r) = —2r%logr + r(3r —4) + 1
(r) 2(1 —1r)3 | 5 ( )+ 1] Note:

n
® Urand UR mix different families of charged v and 1/€ terms

, , cancel with other two
leptons with those of the mirror leptons (see .
1PR diagrams.
below)
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3 Observables (1 Stone 3 Birds)
® [IFV Radiative Decay Rate

2

3
1 mi ) )
I'(l; = ly) = 16_7rm? (1 — ) (IC71” +|CEI?)

® Anomalous Magnetic Moment

€

4, = 5 (Ci = CF)
£ e~ 1 :
_ - Lk (7/RE\* Pk
o —|_167T2 ; mzz:l ml% Im (Uzm (Z/{zm ) ) j ( m?M )
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Numerical Results

® Assumption
- Higgs Singlet Masses Mo, ~ 10 MeV
- Mirror Charged Lepton Masses

mlﬂ]\f{ — Mmz’rror + 5m M. irror ~ 100 to 800 GeV
- Yukawa Couplings
9os, 9155 9os> 915 are all reall

- Mixing Matrices

~
1M

4 M
° . l L / . L —'—
Scenario 1 : Upyns = Upyns = Upnns = Ulw

: .M (M
SCGH&I‘IO 2 . UPMNS:U/PMNS:U/PMNS:UPMNS
\_ _/
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Scenario 1/2

1072 - gos

gi1s =
9(/)5 = gos
9/18 — 918

Branching Ratio Contour on

Log,,B(u—ey) Scenario 1/2 (Normal)
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Scenario 1/2

915 = 0.5+ gos

9(,)5 = gos
9’15 — 9158

Branching Ratio Contour on
Coupling and Mirror Lepton Mass Space (gos, Mmirror)

Log,,B(u—ey) Scenario 1/2 (Normal)

Log,,B(u—ey) Scenario 1/2 (Inverted)
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20155 10823HEHA

16



Discussions

® In the same mass range of the mirror leptons the LFV process L —e 7Y is more sensitive
to the couplings by almost 2 orders of magnitudes as compared to Aay,.

® As one turns on the A4 triplet couplings, the contours of Logio(lL —e V) are shifting
toward to the left, indicating the role of the triplet singlets becomes more relevant and
thus the constraints on the parameter space becomes more stringent from the current

MEG limit.

® The sensitivity of the couplings in the B(u —e %) has been weakened by one to two
orders of magnitudes for scenario 2 as compared to scenario 1. However, this sensitivity
is not present for Aay.

® Asone slowly turns on the A4 triplet couplings gis = 0 to 10-1gps the red contours of
Logio(L —e V) of scenario 1 remains the same when comparing NH versus IH, while the
blue contours of scenario 2 move toward to the left. This indicates noticeable differences
between NH and IH of neutrino masses for scenario 2. However, for gis > 0.5¢gps, these
differences disappeat! There features are not there for Aay!

®  Due to the smallness of the couplings, decay length of the mirror leptons which depends
on the product of the couplings and the mixing parameters will probably decay outside
the beam pipe, which may lead to displaced vertex at the collider.
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Summary

Updated analysis on u—>ey and Aay in non-sterile EW-scale Vg
model with A4 symmetry (necessarily broken in charged lepton
sector) were presented. It links LFV processes with Upmns in the
neutrino sector which is quite distinct from many other models.

Current MEG limit on B(u—ey) imposes constraints on the
mirror lepton masses and Yukawa couplings. Projected limit will
put even more interesting constraints on the model.

Predictions of B(u—ey) in the extended model with A4
symmetry are slightly sensitive to the neutrino mass hierarchy in

scenarios 2 but not scenario 1. However, Aay is not sensitive to
the mass hierarchies.

Regions allowed by Aay excluded by current limit of B(u—ey)!
Work in progress.

ue conversion, U—>eee
h—TW, Te versus T—=uy, ey
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Thank You
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