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Outhine

® [ntroduction
- Minimal EW Scale vr Model (PQ Hung, 2007)

- Motivations: Neutrino masses, Seesaw Mechanism, and All That

- Extension with A4 Symmetry (Trinh Le & PQ Hung, 2015)

® |.FV Processes

- LEV Decay y—ey

- Muon Magnetic Moment (g — 2),
- LFV Higgs Decay H—tu
- F.tc

® Numerical Results

® Summary & Outlook
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Introduction

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

® Gauge Group - Same as Standard Model

® |.eptons / - " o

(o) ()
ER EE"#
® (uarks

M

[ ug M _ [ UR
qL(dL) QR(dg?):

Uur, dgr uf’?, df?

® [igoses (With Custodial Symmetry)

(qﬁﬂ* ¢+) ( O e w)
b = _ x=1 x— ¥ gt bs
(%?5 ng X__ 5— XU:*:

0. ¥=1/5 XB.Y=1/2 EB,Y=0 (1, Y =0)

Georgi-Machacek
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Motvations of Mirror Fermion Model

Motivation of the original model .
- LFV processes to probe for new physics ;“ﬁ'“ i 3 X
(SM contributions are minuscule!) : == - J,

- Electroweak scale non-sterile vg
(“Testable’ Seesaw Mechanism)

- Parity Restoration (at high energies)

- Non-perturbative (Lattice) formulation of SM
(e.g. to study 1% Phase Transition etc)

- Left mirrors Right (fermions)
- 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 As triplet of scalar singlets { s} to account for lepton
mixing effects and provide a possible explanation why Upnis s so

different from Verum [Hung and Le, 1501.02538]
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Neutrino Masses in EW scale vg Model

® Majorana Mass trom Triplet

Lpp = ngg’TO'QTz)E l%’f (As mteresting as high scale casel)
_ T 0 [Minkowski; Gell-Mann, Ramond, Slansky;
= gMVRO2VRX + - v |
anagida...]

— MRI/‘EO’QI/R +
with Mp = gum{xo) = gmom=> Mz/2 = 46 GeV

® Dirac Mass trom Singlet

Lg= gsgquﬁglﬂRJ + H.e.
= gsiVr¢svr + -+ + H.c.
— Mprrvp +---+ H.c.
with Mp = QSE<¢5S> — gsiVs (Not necessarily related to EW scalel)

® [ight Neutrinos (See-Saw)

m, = —2 < O(eV) » m, < 0.23eV [Planck 2015]

If gg; ~ O(1), thenvg ~ O(10°°eV);
Ifggg G 0(10_6), theﬂ’lﬁg o O(AEW ~ 246 GQV)
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Charged Leptons

® The Yukawas

- M I = M
Echarged leptons — gSleLGBSGR -+ ggleRCbS@L == H.c.

® [n terms of mass eigenstates

N
ey — Uie[,, eJ\R/I — Ujlg eﬂR/‘f

M
en = Upen, el - U; el

- L M - R_M
f'charged leptons — eLU cn CbS + €RU €7, @S 1= H.6.

Ut = U}les Uk’ = WL (L2) UK (Doubles
S

UE = (UR) gaUL (Singlet)

® [/Land U™ provide the deep connection of Dirac neutrino mass

matrix and lepton flavor violation processes!

® [ndeed, U—>ey and T—|LYy were analyzed by Hung some time ago
(PLB 659, 2008). Mirror leptons and singlet in the loop; SM loops

are small m general.
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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).

® [nstead of one, four Higgs singlets were mtroduced.

Field || (,D)r | (i, 1™)r | er | €M | dos | ¢s5 | 2
Ay 3 3 3 11131

|0

¢ Asmultiplication rule
3x3 = 1(11+22+33) 4 1/(11 4+ w22 +w33) + 17(11 + w22 + ?33)
+ 3(23,31,12) + 3(32, 13, 21)

® Three Yukawa coupliﬂgs are NoOw possible for the neutrnino Dirac mass

g = —E (9‘05%5 + gi5ds + g25ds 5}?’0 + H.e.
3@( 1 3 g 19

where g15 and g5 terms are th; two posgble WaysThat t}Te triplet singlet couples to
the product of lepton doublet and mirror lepton doublet. However (gzg)* - o5 from
reality of the mass eigenvalues! Note that these couplings are just complex numbers!

® Similar Yukawa couplings for right-handed SM smnglets can be written down with
three new Yukawa couplings ¢'os g5 and g’ss.

® DProwvides a possible explanation why Upynysis so different from Ve
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Mozre Details of the Extension - |

® [rom the A4 multiplication rules, we have

Lg= —50 (QOS%S 2 e ngch I QQS&S) lﬂR’f’” + Hae

= MY + He.
where
/QDS%S 915935 QQS%S\ dosvo g18V3 Gasv2
My = | gasdss GosPos GrsPis — Mf — | g287U3 gosVpy G187V
\ 915925 GasPis GosPos g18v2 g28V1 Josvo

® Using vy = (Pos), Vi = (@is) = v, we diagonalize M7

“
mip O 0 In many popular Ay models,
N UM Pr = 0 0 one has
Cabibbo (1978) u e ” [T s —s [T
Woltenstein (1978) s U msp \ CcwW LL P
__ 771
to exhibit CP violation U = 7 1 w? w _ ty, — i T Wy
1n neutrimo oscillations! 3 2
y |l w w Bl 6211'@/3
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Mozre Details of the Extension - 11

® In the mass eigenstates,

) — ngL .

R RZR

the interaction becomes

_—@m(:)m@:)mﬁ & He.

PMNS PMNS > - He,

where ) ~
qu, — UJM(ﬁ,UF, [UPMNS — UJUEJ and EJP%NS — UJUER]

® Including the SM right-handed singlets and mirror left-
handed doublets, the interaction 1s

Ls=-I UPMNS M¢, Upinsle — Ir UPMNS M’! Upainslz, + Hec.

=— Y (UrFlribrstl + Ul ridrslie,) + He.

ik

where [ — UJUERJ [U%NS = UJUEM} ad =0kl , =gl

= UJMLU, M, same as My with gos — gps: 915 — 9155 925 — Ghs-
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® MFis given by
The YUkELWﬁ Coup]lﬂgs (UL (UR TABLE I. Matrix elernents for M’E"(ﬁc =0.1.2. 8.

ME, Valie
3 M7y, Mz, Mgy, Mg, Mg\, Mg, y
gk =S (' u) Mg (Up-uR') M, M3, M1
hn=l N o My, ME, M3, %Re(glg)
= XB: (U;MNS) M:ﬁl (UPMNS) , Mgy, Mg, M3, %Re(w*glﬂj
=1 g Ltk Mz, M35, M %Re (wg1s)
= (UPMNS M* UPMNS) ,. i Eoe g
umn Mg, M3, % (915 + walg)
My, M3, s (gts+whas)
ug = 3 (08 0wk (o g Sl | B
jn:l i nm 13> t¥31 3 lg1s +whglg)
Mz, M3, L (gts + wars)
= Z ( PMNS) M, (Uﬁﬁm) : Mas, Ms, sRe(g15)
jn=1 e M3, M5, 2 Re (¢15)
(UPMNS Mk Ul’;ffm) . M3, M3, %Re (g15)
im
@ A% can be obtained from Af*with ops — g’og
07—t — 1 1 12 I and g15 - g'15
 — Car — ﬁ 1 L) Cdz
W ® Yukawa couplings UL, ‘UF contain 4 difterent
b e egﬂi/?) PMNS-type muxing etfects and mtormation

about A4 symmetry 1n the lepton sector
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Upnins= ( Uv) T Ul

® Standard Parameterization

Upnms =

.5
813833 — C13C3813€"

iS5
—&19Cag — C10833813¢€

C12C15

£

S12C15 S1z€
i

C19C3g — S1p833513¢€ S93C3
5

— 13835 — 812Ca3813€"7 €301

1 0 0
P = D Emgiﬁ |:|
0 Qg

Mixing Parameters Normal Hierarchy Inverted Hierarchy
sin® 81q 0,308 £0.017 0. S8 =0T
sin” fos 0,487 %5058 0.45525 051 ® Capozzi, Fogli, Lisi, Marrone, Montanino,
sin” 613 00234400020 0.0247 50635 and Palazzo, PRD 89, 093018 (2014)
§/m LagtE {81020 [arX1v:1312.2878]
sm® = m$ —m? (75aT 00y 100w | (TBATES) sc10-ben?
Am? = |mg — (mF +m3)/2|||(2.453 £ 0.06) x 10-%eV?|(2.88 +0.06) x 10— 3eV*
0.8221 0.5484 —0.0518 + 0.1439;
Upiins = | —0.3879 4+ 0.07915:  0.6432 + 0.0528; 0.6533
0.3992 + 008084 —0.5283 + 0.05993; 0.7415
0.8218 0.5483 —0.08708 + 0.1281i
Uthins = | —0.3608 4+ 0.0710i 0.6467 + 0.047964 0.6664
0.4278 4 0.07869; —0.5254 + 0.0525 0.7203
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Calculations

Early calculation of p—eYy and T— Ly 1in the minimal

model was done back 1n 2008 [PQ Hung, PLB 659
(2008)].

Here we perform an updated analysis 1n the extended
model with A4 symmetry.

Current Limit (April, 2013)

B{uwr—e™y) £5.7x107 (90%CL) % t éﬁjxmm
MEG-II Short Term Upgrade p——
Engineering Run - End of 2015 T fi— S
Physics Run - 2016 —L——ZL_';

im

:EXP eCted uppef hmlt 4>< 10_14 Figure 1: The MEG detector.
- an order of magnitude improvement!
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The Invariant Amplitude

Ml (p) — 1 (P )v(q) =

u; (p)io" g, [CY L + CF Rluy(p)e;,(q)

. »,
A | 3
i _ 7 [ Uy Ui )" + Uy (U *]I >
2 +16ﬂ2§;{m§g Mt im (Uim') +1 Jm( im ) m?gg
1 Bk Lk * m%a&:
i m—?—/{jm (Mim ) J 2 "
1M Hh
: = 3 1 m2
i _ { Uire (Us')" +mllsy U *}I -
R +16'}T2 ; mX::l {mfﬂ il s ( im ) + T f ( im ) m%}%
1 Lk RENF m‘%’Sk ¢
+ m—z’{gm (Mzm ) J 2 = =
1‘5% miﬂ " RN
& 7 and f (Ignormg mji and m;) .frf
' r
I(r) = —6rlogr +7(2r* +3r —6) +1] | > — ?
12(1 — )4 N -
1
Tl —2r¢logr +r(3r —4) +1
( ) 2(1 _T)B [ ( ) } Note:
L
® ‘UL and U mix different families of charged ”C;’anﬂ:eil ;rl/ﬂe,l tztrlf;i w0
Lv'a]_:;tons with those of the murror leptons (see 1PR diﬂgrﬂms_
elow) '
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3 Observables (1 Stone 3 Birds)
® [.I'V Radiative Decay Rate

2

3
m) (ICE P +|C3P)

2
mgi

1 3
® Anomalous Magnetic Moment

ﬁaﬂ _ ngz. (C’E s OE)

€ 2
1 = Lk2 —— ms%
= +16:¢2 {;;2 (U 1? + U1 ) m—i‘ﬂfI ( mfﬂmg )
3 3 2
LE (1 RENVVY T Mo
P23 R (E)°) (w)}
® [Flectric Dipole Moment
” 3 ! 1 mi
L - Lk HEY® Sk
o —|_16’?T2 ;ﬂ; m'{% Im (Z/{zm (Z/{zm ) ) j (m?M )
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Numerical Results

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

mlﬂﬁf — Mmi?'“ror - (Sm M, iror ~ 100 to 800 GeV

- Yukawa Coupling Constants

9o0s, 915, 9hs, 9y o are all real!

- Mixing Matrices

<
1M

i M
: . 77l __ g7/ I
Scenario 1 : Upynsg = Upuns = Ubpuns = Ulw

. _ M i
\ Vv,
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SC — / 2 Branching Ratio Contour on
Cailakte) Coupling and Mirror Lepton Mass Space (gns, Muirior)

963 — 408
d1e=q1s =0

Bt — et9) <57 x107%(00%CL)  Aay, = 288 x 107
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Scenario 1/2
g1s = 107% - gos
963 — gos
Qis —. 415

Branching Ratio Contour on

Coupling and Micror Lepton Mass Space (gps, Mumiccoo)

B(ut — ety) < 5.7 x 107 13(90%CL)

Aa,, = 288 x 10~
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Branching Ratio Contour on

SC@HMLO 1 / 2 Couplir-l_g and Mirror Lepton Mass Space (gggj Mmimr)

g5 = 1071 ggg
QBS — 4os

Qis — Y18

B(u* — et7) < 57X 107°(90%CL)  Aay, = 288 x 107"
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Scenario 1/2

915 = 0.5 gos
905 = 908

Qis — g18

Branching Ratio Contour on

Coupling and Mirror Lepton Mass Space (gos, Miicror)

B(pt — eT9) < 5.7 x 107 *(90%CL)

Agy, = 288 % 107
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SQ s / 2 Branching Ratio Contour on
CENAro CDUPJJI]% ﬂﬂd Mff@f Lﬁpt@ﬂ Mass S{Z}&Cﬁ (gﬂs == g8, Mﬁ’lirr@r)

Yo = G08 = Gro= Qi

B(ut —ety) <57x107¥(Q0%CL)  Aag, =288 x 107
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SC _ 1 / 2 Branching Ratio Contour on
Cenarto Coupling and Micror Lepton Mass Space (gis, Miiccoo)

9hs = gos =0

gis — O18

B(ut — ety) < 5.7 x 107¥(90%CL) Aa, = 288 x 10711

155 1233H 2 #iM



Discussions

In the same mass range of the mirror leptons the LFV process L —e Y 1s more

sensitive to the couplings by almost 2 orders of magnitudes as compared to Aap.

As one turns on the A4 triplet couplings, the contours of Logio(ll —>e ¥) ate
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(L —¢ ) 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 Aap.

As one slowly turns on the A4 triplet couplings g15 = 0 to 10-gpg the red

contours of Logig(l —>e ¥) of scenario 1 remains the same when comparting
NH versus IH, while the blue contours of scenario 2 move toward to the left.
This indicates some differences between NH and IH of neutrino masses for
scenario 2. However, for g1s > 0.5gps, these differences disappear! There features

are not there for Aay/

Due to the smallness of the couplings, decay length ot the mirror leptons (or
quarks) which depends on the product of the couplings and the mixing
parameters will probably decay outside the beam pipe, which may lead to
displaced vertices at the collider.
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OSU-HEP-15-06

The search for mirror quarks at the LHC

Shreyashi Chakdar!? * K. Ghosh!,! V. Hoang?* P. Q. Hung?3 ! and S. Nandit’

e

® Decay length ot

mirror quark

| |
Mqw= 200GeY ——————

5 Mqu= 300GeV _
® Above 1 mm = o= 500GeY
black line, s T
" ; (@)
signtticantly g °r
different than the T 2l
decay length =

coming from the
b-quark displaced

vertices

0
le-08f2e-08 3e-08 4e-08 5e-08 6e-08 7Te-08 Be-08 9e-08 1le-07

Jsq

arXi1v:1508.07318v2 [hep-ph] 23 Sep 201:

1 mm
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Summary

Updated analysis on gt—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 Upyysin the
neutrino sector which 1s quite distinct from many other models.

Current MEG limit on B(¢t—¢y ) 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) n 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:
h—7u, te versus T—iy, ¢y

e conversion m nuclei1

t—c(y,Z,gh)
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LFV Higgs Decay

[Chang, Nugroho, TCY, m progress]

® [xperimental Status

CMS [1]:
Br(h — 7u) = 0.847032% [Best Fit] ,
< 1.51% 95% CL] .

Theoretical limit [12]:
Br(h — 7e) < 13% [95% CL] .

BaBar experiment 90% C.L. [3]:

Br(r — py) < 4.4 x 107°,
Br(r — ey) < 3.3 x107°.
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Scenario 1/2 (Normal)

Prelimmary 800 T
il 1

Results = 600 .

Br(h — tu)< 1.51% 5;‘}23 ,-=§ 1“
Br(r — py)< 4.4 x 107° " 200} f ‘\};
e : avi — 10064 ... il :
Br(7 — ey)< 3.3 x 107° a5y g 1 3 8

SO0 90" TS B R TR _

[ ] ]

oot 1Y -;
S g00f |E1 % _5
) : i : :
O, 500} :.: lII :
£ 400} L i _5
= . g 5 ]
= 300¢ g 1 _:
[ 1 1

200¢ d t ]
10064 - R v :
-3-2-10 1 2 3
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: 1 5

700} | z
> 600¢ |4
& 500} i
& 400} 8 g
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=t K ]
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SD[]" """""""" ? ----------- ]
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Scenario 1/2 (Inverted
800" R BT R AT q

S |
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e e L i i e e
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MMirror(GeV)
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Br(h — rp)< 1.51%
Br(r — py)< 4.4 x 107°
Br(r — evy)< 3.3 x 1078
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