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Introduction

@ It is now generally accepted that the SM consists of
three fermion families, however, the number of
generations is not fixed by the theory.

@ Revival of interest in 4™ generation:
- electroweak precision fit does not exclude 4™ generation

- one of the simplest kinds of new physics is a sequential
replication of the three generations of chiral matter

- LHC has the potential to discover or fully exclude SM4

Current bounds
my > 256 GeV; my > 128 GeV (CC decay; 199 GeV for 100% NC decay);

my > 100.8 GeV; mr > 90.3 GeV (Dirac coupling; 80.5 GeV for Majorana coupling)



@ CKM unitarity : current measurement errors of the CKM
quark mixing matrix elements leave room for the possible
extension from 3X3 fo 4X%X4
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@ PMNS mixings :
H.Lacker and A.Menzel 2010
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@ Unitarity violation possible, but only observable if Gr can
be extracted independently test universality
violation

@ Perfect universality means

v |=lu. | —» |Ue4|2+ U“4|2+|UT4|2=3|UM|2SI —> |Ue4|5ﬁ

—> G_ could be up to 50% larger than 3SM value
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@ Plus semileptonic K decays and charged pion decays
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® One should also consider the electroweak constraints
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Flavor symmetry of leptons

A, symmetry :

@ It was observed that A; symmetry can describe the
neutrino mixing pattern

@ A, is an even permutations of 4 objects (Ss) with order is
equal to (4!)/2 = 12. A4 group is isomorphic to the group
of three dimensional rotations of a regular tetrahedron(T).

s& Ll = (s> e




A, continues...

@ Three one-dimensional unitary representations are given

@ The 12 elements of A4 can be represented by the 3X3
matrices given by : es, st ts,t¢,sté,sts,tst,t%s,tst2,t2st.



@ Or equivalently we can construct the 12 representation
matrices by taking 3X3 identity matrix e, the reflection
matrices = diag(1,-1,-1), r2 = diag(-1,1,-1), and rs =
diag(-1,-1,1), the cyclic and anticyclic matrices

as well as ricri and ric!'r;

@ The A; has two subgroups

Gs : a reflection subgroup generated by s

G+ : the group generated by t, isomorphic to Zs



As symmetry

@ If we assume A; is the flavor symmetry of three
generation leptons and adopt the hypothesis of the
existence of fourth generation -- the simplest approach
IS to demand the A; model can be minimally embedded

@ As is a symmetry of even permutation of five objects
with order 60. As is equivalent to the symmetry of a

regular icosahedron (I). /li
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® Some interesting features of icosahedron :

- The icosahedron is built around the pentagon and the
golden section. It seems absurd, since every face of the
icosahedron is an equilateral triangle.
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® Some interesting features of icosahedron :
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The interesting relations
0 5°M = tan™!(

The best fit value : 34 43°
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- if we cut the vertices of icosahedron, we obtain

@ Lets go back to the group theory : a icosahedron consists
of 20 identical equilateral triangular faces, 30 edges, and
12 vertices. The As elements correspond to all the proper
rotations of the icosahedron. They can be classified into
five types of rotations

— no rotation (identity)

- 1 rotations about the midpoint of each edge
- rotations by 2m/3 about axes through the center of each face

- rotations by 2m/5 and 4m/5 about an axis through each vertex



® We define two elements a and b :
a : rotation by m about midpoint

of the edge between 1 and 2

(1,2,3,4,5,6,7,8,9,10,11,12) — (2,1, 3,4,5,6,7,8,9,10,11,12)

b : rotation 2m/3 about the axis
through the center of the face 10-11-12
@ (1,2,3,4,5,6,789,10,11,12) — (2,,3,1,5,6,4,8,9,77,11,12,10)

® ab:(1,2,3,456,78910,11,12) — (3,2,51,9710,6,4,12,1,8) , rotation by 2m/5 about the
axis through the vertex 2

a* =b’*=(ab)° = e



® The 60 elements of As are classified into five classes

Ci: 1ef,

C15 X
fa(12),a(13),a(14),a(16),a(18),a(23),a(24),a(25),a(29),a(35),a(36),a(37),
a(48),a(49),a(59)}

Czo :
{b(123),b(124),b(126),b(136),b(168),b(235),b(249),b(259),b(357),b(36
7), and the inverse elements}

Ci2 : §{ab(1),ab(2),ab(3),ab(4),ab(5),ab(6), and the inverse elements}

C'12 : {a®b?(1),a°b?(2),a%°b?(3),a%b?(4),a°b?(5),a*b?(6), and the inverse
elements}



@ Irreducible representations of As are

@ one singlet 1, two triplets 3 and 3’, one quartet 4, and
one quintet 5

@ Multiplication rules




The model

® AsXZyXZ3 flavor symmetry of four generation leptons

@ The left-handed lepton doublets

@ Right-handed charged leptons

[R5(5_]-+1) [%3(3_1~+1) and [;211)(1_1~+]') y [gl)(]-_l_i_l)

@ Right-handed neutrinos

Nps(5,+1,+1) and NY(1,+1,+1)




@ Higgs sector :
As quartet and SM gauge singlet
As triplet and SM gauge doublet

As quartets and SM gauge doublet ,

@ The Yukawa interactions are

1 ey 1 o
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+ Y ( Ly i‘\rg) H 4) + Y5 ( LpaNpsHy ) + Y3 ( LraNpsPs3 )

+ Ya(LpalrsHY) + Ye(Lpally) HY) + Yo(Lpal'e) H) + Hec.




@ Let S, develops a VEV [EAEKUZNNNY], the discrete
symmetry As will break into As; causing the irreducible
representations of As to decompose as

@ Leptons become

L’L4 . LL1(17 +1~°‘)) + L’L3(37 +1W‘) 9

lrs — lp3(3,—1,4+1) + gy (1, =1, 4+1) + I (1", —1,41) .

Nps — Nps(3,+1,+1) + NP (@', +1,+1) + N2 (1", +1,+1) .
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symmetry As will break into As; causing the irreducible
representations of As to decompose as

@ Leptons become

L’L4 . LL1(17 +1~°‘)) + L’L3(37 +1W‘) 9

s lryr (1, =1, 4+1) + lgir (1", =1, +1)

Nps — Nps(3,+1,+1) + NP (@', +1,+1) + N2 (1", +1,+1) .



@ Scalar fields decompose as

S4 — Sl(il, +1, +1) + 53(_3, +1 +1)

H4 — Hl(]' —|-1,Cu’2) + H3(3 ‘I‘lW'Q)

Hj — Hi(1,—1,0%) + Hj(3,-1,4%)

b3 — P3(3, +1,w?)

® The Yukawa interactions after As @ A, become
1

%A Ny Np) + 5Ms(NR Ny + NpaNis)

Ys1 [( Vs + S1) (N Ny + NrsNrs) + S3(NrsNps )]
Yso [(Vs + S1)(lrs)lrs + S3(lr3)(lrs + lr1r + lR17)]
Y; [L.ng\v-*};)Hl 4 LLgN,g”HE;]

Y, [LMNR?,H3 + LisNps(Hy + Hs) + Lis(N? + NOyH ]

Y3 [Lm Np3®3 + L3 Npa®Ps + Lrs( A"rg) T Nf(?g') ) (1)3]

Y, [L'L11R3H:’a + LL3[R3(H{ + H:’,’) + Lps(lpy + lRl’/)Hé]

Vs | Luallgl HY + Lusllgl H3| + Y | Loalgl H] + Luslif) Hy | + Hee




Results

@ Charged lepton masses

® The subsequent breaking of A; and SM gauge
symmetries due to <Hs>, <H';>, <P3> and <Ss3>

@ Mass terms relate to charged leptons

Yso [(Vs + (S1))(Ir3)lrs + (S3)(Ir3)(lr3 + lr1 + lR17),

Yy [Lpilps(H3y) + Lpslps({H{) + (Hg)) + Lis(lgy + lgyr ) {(Hy)]

Ys [L'Lllgf (H) + Laly] <H§>] + Y5 [L'Lllgl) (Hy) + LL31§321)<H§>]

@ Taking RUGAE (Va,,Va,,Va,) and (Hj) =V




@ The 7X7 charged lepton mass matrix of the form

VoR Vs 7! 7!

0 0 . YaVy, A
77! Vo Va Vo V4 77! 77!

R Vel 2\ ! Vah Vi 7 X! 7 X!
wY4 Vs, wY4 Vs, '- YiVy Y4V3,

VIV, WYilj, A ViV

Ys2(S3)1  Ys2(53)1 |Ysa(Vs + (S1)) Y52(53)3 Ys2(53)9
wYs59(S3)e w?¥sa(S3)2| Ysa(Ss)s  Yeo(Vs+(S1))  Yso(S3)1
w?Ys9(S3)3 wYs9(S3)3 Ys2(S3)9 Ys2(53)1 Yso(Vs + (51))

under the left- and right-handed bases

(LLI: LL3 — (_LL31= L'L327 LL33 ) 1%3 — (’;231’ ‘5?32’ "??33 )) and

(1521:2 [gl) ZRI’: lR]_II’ 1R313 1R323 lR33 )T

Det(M;) = 0 one massless eigenstate : me



, and As breaking scale is much
higher than A4 and SM gauge symmetries breaking
scales LRGN ARENCRIZEN . The four generation charged
lepton masses are given by

m, = V3 A
[(}511+(16—) W) — /(YaVi + (Yo — Ya) V)2 + 4Y,(YaV] + 3YgV )V

0
1
2

and

M

(2 100.8 GeV, 95% C.L.)

® Calculable electron mass me

B

@ Many attempts try to derive the ratio KIS

H. Georgi and S.L. Glashow 1973; S.M.Barr and A.Zee 1977,1978;
B.S.Balakrishna 1988; Babu&Ma 1989;X.G.He et al. 1990; ......
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@ Electron mass can be generated via 1-loop

22 2 2
_— Yo myp o YS  my
e ~ [
1672 ML+R3 167('2}/52 Vg

@ The construction provides another example of electron-
muon universality proposed by S.M.Barr and A.Zee 1977.
Finally

2
Y4mH

Me /My = 157 YsoVsV? ™

in our model.



@ Neutrino mixings and masses

® The full neutrino mass matrix of the model is a 10X10
matrix

M, (4 x 4) = 0| Mp(4 x 6)

f\[g(G X —1) f\-[NR (6 X 6)

@ Right-handed neutrino masses after As breaking are
given by

My = 5Ms + Ys1Vs

AT ]. AT 2 T 3 AT T AT *
(N NP NP Nps . Nps,, Ngs,) basis
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® Dirac mass terms of neutrinos

Lpirae = Yi |LiaNR Hy + LigNi Hy| + YaLisNpsHi + Ly Nps [V Hs + Y]

+ LrsNps [YaHs + Y3®s] + Lis(Ng) + Np)) [YoHs + Y3®s]

Ignoring Hs 3 terms, the Dirac mass matrix is

}’1 vH, 0 () }r3 Vg,
0 Y 3Ug, )3 Uy }2 UH,4

Vp1 Ve3, VL3s VL33 > 2 -
wY3vg, W Y3Vy, Y3V,

0 wQ}"E), Ugpg W 3"’%1’(;53 Ysu P2

with VEVs (P3) = (Vg1 Vgy, Vgg) and (Hy) = v,




@ Now we can calculate left-handed Majorana neutrino
masses through seesaw mechanism

M,, = MpMy: Mj,

Y3 ( —I—z +l¢’3), VL 2YoY3vp, vg, }3l¢1l¢2'

Y2 .
M, _ it H1 n M (vLs; vLsy) 2 M,

L(vL1,vL1) \[1 ) ’\[2
R g OV 0y, V2. o,
}2} 3U¢ UH; — 2Y 321; #2 v b3 \/ _ 2} 2) 3UH1Ugps } q U &1 Vo3
vL (VL3 VL3,) '

L(vLiwves;) — 2}\12 ’ ) ‘ 23[2

P Vs o ovV2,, ., 2,2 72(1)2 41,2 v2
\/ YoYsvg,vh, + 2Y3 04,04, v/ _ vy, + Y3 (l,.¢1 + 4vg, + l"¢3)
Mup(vpivesy) — oM, ; M (vLsy vLs,y) M, ;

M,

N AT >3 Vil VAR 2.0 4,
( ) YoYavgavm, + 2¥ 321""¢1 Uy M,, (VL34 VL3,) 2o tsvm, ot Rk - 3 “d2 én .
L\VL1:,VL3q - 217\[2 9 9 3 c) \[2
} +} ( ' | ,\[ } +}3( ¢1+la52+-]:l¢3)
-_— iVLy, _—

M,

M,

L(wL3ywveL3,) — LWL3s.vL33) — oM,

(Vs Vr 1y, Ve) basis




rdg A rr4g”
1M My, Urpn

with




® And the four neutrino masses are written

Yivg, N 3YZv?
M, 2My

15 }/?3 2 "U2

2 M,
0,

= My, .

@ The results are phenomenological unacceptable,
therefore, the deviations from fribimaximal mixings are
needed.

<S3> Iin right-handed Majorana neutrinos and
<H3> in Dirac masses



in right-

2M5 Ys103 Yg109
Ys103 2M5 Y104
)tg 1 0 9 }tg 1 ) 1 2M 9

M, 2Ms + Y101
. L (M VsV
2My 2Ms — Yg104 My(2Msy — Ys101)

(2;\[ 9 + Yg101 ) )},2 02 (2;’\ I5 + Y104 )2}:32 v? R - o
o 2*\[:? + 24\[2(_1‘\[22 - }’5216‘1‘2) ) fO]. 01 # 0 allCl 02 — ()3 — O.
N 2}"}? 02 N (2M5 + Y101 )332 02
DMy | 2My — Y101 | (2My — Ys101) M
( 2Ms + );S'ldl)}?lQ n (2:\[2 + }’"j5151)2}"?321,!2
4M3 2My(4MZ — Y2,62)




+ ’ Yi20?
AM3 — Y203 2My —Ys16o] °

2y 202 (2M3 + Ys109) Yi0?

+

~ TOM, MG — Ve, | M (2Ms — Ys165)
(2Ms + Ys102) V50" | (2Ma + Vsr0p) V3"
2M?2 2My(4M2 — Y2,02)
n 2}"2,)21.?2 n (23\[2 =1 )‘/3152))‘/52"1.?2 n (2:\]2 + }":5'152)2}”321?2
2;\[2 2‘\[2 — )3152 J[Q (2:\[2 — }’51(52) 2;\[2 (—1*\[22 — }'52153)

for the

3Y202 . 0Y202
M 2My — Y103
3Y 3202 N 2Y 202 N Y£0%(2My + Ys103)
2M5 2Msy + Ys103 S My
6Y{v? Y02 3Y£v%(2M;y + Ys103) N YEv%(2My + Ys103)

Yiui, 2 1
My ’ (QMQ + Ys10; " 2M, ) z/

m, =




@ Also the non-zero <Hs> in Dirac masses,

Lpirac = Y1 [L'Llﬂ"](ql 'H, + YoLpsNprsHy + L1 N R3 Y3®3]

- LLe,NRg Y3®3] + Lis(Ng + Ng>> Y3d3] .

@ Assuming new physics to be around O(1) TeV, we take

ve, = 220 GeV, v = 10 GeVJ Ys16; = 100 ~ 500 GeV | M1 = 500 GeV, My = 103 GeV
4 /
GUlel v =102 ~ 10~

>90.3 GeV for Dirac coupling and
>80.5 GeV for Majorana coupling

My, ~ 96.8 GeV

A huge parameter space for my; ~ my2 ~my3 ~0.1 eV,
degenerate spectrum is preferred



Conclusion

@ The existence of 4™ generation is not excluded by EW
precision data and LHC has the potential o discover or
fully exclude SMé4

® We study a model of four generation leptons under the
As symmetry, where the best features of the three
family A4 model survive

@ Electron mass is predicted to be massless at tree level
but calculable through quantum corrections

@ A degenerate spectrum of three light neutrinos is
preferred, and the splitting of the neutrino masses can

be obtained as a result of the breaking of As down to
Ay



