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Outline

® Purpose of Talk

® Introduction to the EgSSM

® Explanation for the origin of neutrino masses and lepton mixing
angles using the EgSSM and a discrete non-Abelian

| family symmetry.

® Solution to the ‘flavour problem’
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The EgSSM is alow-energy supersymmetric standard model which originates

from a broken high-energy F/g symmetry.  (S.F.King, R. Nevzorov, S. Moretti)

It extends the MSSM to solve the [i-problem and the little fine-tuning problem of the MSSM.

Because of this the E'gSS M contains the necessary ingredients for small neutrino masses

But it lacks a natural explanation for the observed large lepton mixing angles.
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The EgSSM is alow-energy supersymmetric standard model which originates

from a broken high-energy F/g symmetry.  (S.F.King, R. Nevzorov, S. Moretti)

It extends the MSSM to solve the [i-problem and the little fine-tuning problem of the MSSM.

Because of this the E'gSS M contains the necessary ingredients for small neutrino masses

But it lacks a natural explanation for the observed large lepton mixing angles.

We extend the Eg.SS M using a simple horizontal discrete symmetry to explain the origin of

the large lepton mixing angles.

The horizontal symmetry also solves the ‘flavour problem’:

the origin for individual quark and lepton masses and CKM matrix elements.
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@ Principal Motivation of the £26S.S M : to solve the [i-problem of the MSSM

@ Why free parameter 1 in Wyrssyr = phuhg takes value Mgygy ~ 1 TeV

(which is required for natural EWSB and for Higgsino mass)

Since W is a dimensional parameter we might expect it to be of order a physical cut-off
scale such as Mgy or M)y

rthermore [t is SUSY-respecting, so unrelated to Mgygy in the MSSM.
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Principal Motivation of the 2SS M : to solve the [t-problem of the MSSM

Why free parameter i in Wrssyr = phuhyg takes value Mggy ~ 1 TeV

(which is required for natural EWSB and for Higgsino mass)

Since W is a dimensional parameter we might expect it to be of order a physical cut-off
scale such as Mgyr or M)y

Furthermore (L is SUSY-respecting, so unrelated to Mg;rgy inthe MSSM.
Popular solution: forbid gt/ and introduce a SM singlet field S

that couples to Higgs fields by: AgShyhy

. = Ag < S > so no longer a dimensional parameter in W
(and < S > related to soft mass of S )

But extended MSSM superpotential now contains a global U (1) symmetry (PQ symmetry)

One way to avoid an unwanted axion from < S > is to couple S to a new
local /(1) symmetry: generates an observable Z'
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The local U (1) symmetry automatically forbids ﬂhuhd and its D-terms stabilize the potential:

12
29 g 5. 192 s= <8>/V2
b — m5|8| +?(QSISI ) Qs = U(1) charge of S

mg = Soft mass of S

L 52 = —2m§/g’2Q§ with g0 = Ag < S >
2

must be driven negative like mﬁu )

nger a free dimensional parameter and is now related to M g7y
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@® The local U (1) symmetry automatically forbids uhuhd and its D-terms stabilize the potential:

12
29 g 5. 192 s= <8>/V2
V — m8|3| + ?(QSISI ) Qs = U(1) charge of S

mg = Soft mass of S

= 2 = —ng/g’QQf with 0 = Ag < S >

| % must be driven negative like mﬁu )

longer a free dimensional parameter and is now related to M gqr7gy

» SU(5) x xU(1)y x U(1)y
. _M X XU(].)N

e anomaly free, we must have complete fundamental 27 multiplets of Fg



The FEgSSM

One 27 contains one family of quarks and leptons (and Higgs Fields)

6 — SO(10) 27 - 16+ 10+ 1

= Q+u+d°+L+e+v°+hy+hg+D+D+S
3 copies:

= MSSM~+43x(D+D)+2x (hy+hyg)+3xS+3x0°

4/14
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One 27 contains one family of quarks and leptons (and Higgs Fields)

7 = MSSM+3x(D+D)+2x(hy+hy)+3xS+3x1°

osen so that € is chargeless:

states must therefore survive below < S >~ TeV except for v°
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@ One 27 contains one family of quarks and leptons (and Higgs Fields)

chosen so that € is chargeless:

27 states must therefore survive below < S >~ T'eV except for v°©

Juire additional EW doublet states H', H' for gauge coupling unification at GUT scale:

H = MSSM +3x (54+54+1) of SU(5)

ed fo an intermediate Pati-Salam symmetry (RJH, S.F. King)

cation then moved closer to Planck scale.
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Shyhg and Yukawa terms automatically from 27 X 27 X 27 decomposition of Fg
Wigssm = AJpSThARE+AY QuhE+)2d, Qidehk
+A¢ LleThG + Ny LvI by,

nly third generation of Higgs hﬁ, hg taken to get EW VEV

eaking EW symmetry and giving mass to quarks and leptons.

eneration of S is taken as the field that gives the effective fi-term: )\§33h3h§’
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® Shyh, and Yukawa terms automatically from 27 X 27 X 27 decomposition of Fg

Wigssi = AR SThARE+AL, Qulnk+ 2L, Qidein;

+A¢ LleThG + Ny LvI by,

Only third generation of Higgs hﬁ, hg taken to get EW VEV

Breaking EW symmetry and giving mass to quarks and leptons.

ird generation of S is taken as the field that gives the effective fi-term: AgSBhghg

27 x 27 also contains terms involving non-MSSM states D, D
;

\ T I
‘{L?jkDQ,QzQJ 4E hngszLk

/
&these from mediating rapid proton decay, a Z2 symmetry is added to some states

: only leptons are odd ZQB leptons and D, D are odd

y s}inmetries do not respect Flg=> Eg symmetry broken.
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® F5S5SM pre-built for small neutrino mass:

® 27 of g contains a right-handed neutrino

® U(1)y defined so that v has no charge.
® 7 X 27 x 27 contains )\;‘;kL?Ufhuk
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® F5S5SM pre-built for small neutrino mass:

® 27 of g contains a right-handed neutrino

® U(1)y defined so that v has no charge.
® D07 x 27 X 27 contains )\;i;};Ltyfhuk

® U(1)y allows for a Majorana mass term for VR : ﬂngEiRyg

=> Can use a conventional see-saw mechanism with v at a high-energy scale

to explain small neutrino masses

eg. Typelseesaw: My =< hy >2 }\'UMIE}]%(}\U)T

@ Physical neutrino masses = eigenvalues of M r,

® e.g. MRR e~ O(GUT)
< hy > AV ~ O(Myy)

= M, ~ 0(10_3€V) which looks good for solar neutrinos.
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Can use the see-saw mechanism in E/g.S'S M to explain small neutrino masses.

But no natural explanation for origin of large lepton mixing angles.

Lepton mixing matrix: Vpyrng = VeLVJ(L)

B V. Y© eTR = diag(me, my, mr)

VuLmLLV L = = diag(mi, ma, m3)

[ /2 1 \
LB
consistent with a tri-bi-maximal form: Vepuns ~ | —
6 3 2
A G
\ V6 V3 V2 )
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Can use the see-saw mechanism in /S5 M to explain small neutrino masses.
But no natural explanation for origin of large lepton mixing angles.

Lepton mixing matrix: Vpyprnsg = Ver, VJ

(L)
B > ﬂLYEV;TR = diag(me, my, mr)
VULTH’ELKR = diag(m1, mo,m3)
2 1
>
@ Data consistent with a tri-bi-maximal form: Veuns ~ | —
B §) 3 2
EAG
V6 V3 V2

@ This can be explained using see-saw by constrained sequential dominance:  (S.F. King)

® Assumes one VR (e.g. y}lz ) dominates see-saw mechanism and determines atmospheric
neutrino mass and mixing angle.

@ another vp (e.g. v%) contributes sub-dominantly and determines the solar neutrino mass
and mixing angle.



@® In basis where M, is diagonal: Mpp = diag(M1, Mo, M3) 8/14

AY must then have following form to explain tri-bi-maximal mixing:

0O B (4 with: | A2| = |A3|
A= | Ay By (C5 |B1| = |B2| = | B3|
Az B3z (O3 AoBy + A3B3 =0

ake v_]!_:i to dominate the see-saw mechanism. e.g.take M7 < Mo < M3

My =< hy >2 N Mpap(W)T
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AY must then have following form to explain tri-bi-maximal mixing:

0 B Ol A2=—A35—A

eg. N\ = B Co Bi=B>,=B3=B
B /C3

ake I»'_]R to dominate the see-saw mechanism. e.g.take M7 < Mo < M3

My =< hy >2 N Mpp ()T

fectively couples to first column vector (up, — V1), giving maximal atmospheric angle

fectively couples to second column vector (Ve =+ v, =+ 1), giving solar neutrino angle



@® In basis where M, is diagonal: Mpp = diag(M1, Mo, M3) 8/14

AY must then have following form to explain tri-bi-maximal mixing:

0 /B\Cq Ay = —A3=-A
eg. \V' = B Co B1=B,=B3=B
B /C3

Take """J]!-:i to dominate the see-saw mechanism. e.g.take M7 < Mo < M3
— 2 —1 T

ffectively couples to first column vector (up-, — V1), giving maximal atmospheric angle

ctively couples to second column vector (Ve + v, + /1), giving solar neutrino angle

0 00 2 (111 Oo3 = 45°
011 |+21]111 613 = 0°
1 1 Ma\'1 11 615 = 30°

= diag(m1, mp, m3)

I-bi-maximal in basis where charged lepton Yukawa matrix is diagonal
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One way to generate CSD is with a A7 family symmetry (G. Ross, S.F. King, |. Varzielas)

here A57is a non-Abelian discrete subgroup of SU(3)

Take Leptons to transform as 3 of SU(3)

nd Higgs as trivial singlets.
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One way to generate CSD is with a A7 family symmetry (G. Ross, S.F. King, |. Varzielas)

where A>7is a non-Abelian discrete subgroup of SU(3)

® Take Leptons to transform as 3 of SU(3)

and Higgs as trivial singlets.
ormalizable )\;-fj kLg'U;':: huk Yukawa term now forbidden by the horizontal symmetry

ad it is generated effectively from a higher-order operators:
OW) 105y 8 o dha — AV.LivSh
M2 1Y Muk®123923 ij 1" g uk

Sothat A}; ~< ¢ >Y03< ¢ >hy /Mg

& O ab —ab
rates the following effective Yukawa matrix: \Y ~ [ ab 2ab O
| —ab 0 ab
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The see-saw mechanism is invariant to non-unitary ¥R transformations: ¥r — 1VR

2\ }\VT_l MRR - TT—IMRRT—I

1 0 0O B Ci
1 0 ) AV takes the form: A = A B (5
0 1 —A B (3
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The see-saw mechanism is invariant to non-unitary ¥R transformations: ¥r — 1VR
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0 0 1 ~A B—A C3

e \Y matrix from As7 with A = B = ab
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The see-saw mechanism is invariant to non-unitary ¥R transformations: ¥r — 1VR

2\ }\VT_l MRR - TT—IMRRT—I
1 -1 0 0 ab —ab
T 1=[0 1 0 M\ takes the form: \¥ = ab 2ab O
0O 0 1 —ab 0 ab

e \Y matrix from As7 with A = B = ab
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— The see-saw mechanism is invariant to non-unitary ” R transformations: VR — Tvgp

W —s )\VT_l MRR - TT—IMRRT—I
1 -1 0 0 ab —ab
th 77'=|0 1 0 M\ takes the form: \¥ = ab 2ab O
0O 0 1 —ab O ab

the \¥ matrix from A->7 with A = B = ab

My My 0
as following off-diagonal form in this basis: Mpp=| M7y M;+ Ms O
0 0 M3

nerated by the A-7 family symmetry using certain flavon fields.

erated by: i CuH H

B?Es and 3 of SU(3) <H£>oc(0 0 1)
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® The A7 symmetry also explains the origin of quark and charged lepton masses and

and CKM matrix elements.

—> Quarks as well as leptons taken to transform as triplets.

Il Higgs-matter couplings in 27 x 27 x 27 now forbidden by the horizontal symmetry

y are instead generated effectively from higher-order operators:
R QiuCh 1 ' — NEQuSh
E 1 17 uk ‘ 17 1 7 uk

= A\ ~v< @ >I< g > /M

0 create a particular form of quark and lepton Yukawa matrices.

S and mixing angles once hﬁ and hg get VEVs.



Full Model 12/14

Can apply Ap7symmetry to the 5SS M since Fg is a broken symmetry

655 M naturally contains a neutrino see-saw mechanism

(approximate) Tri-bi-maximal mixing can result from CSD.

explains the origin of quark and lepton masses and mixing angles for the £gSS M

: %33S3hah§ term still allowed at the renormalizable level.
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Full model: Field | Aoz | SU(4)ps x SU(2)p, x SURp | UMW | UQ) | 25 | 28
F? 3 (4,2,1) 1 0 |+ | +
e 3 (4,1,2) 1 0 + | +
h? 1 (1,2,2) 0 o |+ +
hi:< 1 (1,2.2) 0 o |+ -

pLe3 | 1 (6,1,1) 0 o |+ | +
s1.23 1 (1,1,1) 2 0 [+ ]| +
Hp 3 (4,1,2) 0 o |+ | +
Has 1 (15,1,3) 0 2 |+ | +
$123 3 (1,1.1) 0 1+ F
3 3 (1:1?1) 0 3 + +
@1 3 (11' 1, 1) 0 -4 - +
@3 3 (1,1,2 x 2) 0 0 - |+
®a3 3 (1,1,1) 0 -1 [ -+
$123 | 3 (1,1,1) 0 1 S

Jr X U(1) X Z5 symmetries constrain the model.

uning Higgs, quark, leptron masses,

s masstorestof 3 X 27

ir mass from the renormalizable term: )\gw S3D1;Ej

ass from the renormalizable term: )\gl 153 hﬁhé



Summary 14/14
In the way that the FigSS M solves the L -problem of the MSSM,

it naturally allows for a conventional neutrino see-saw mechanism.

Applied a A7 family symmetry to FgSSM so that

together with a see-saw mechanism, this predicts tri-bi-maximal mixing using CSD.

7 also explains the origin of quark and charged lepton masses and CKM elements.

‘which A 27is applied preserves the EgSS M solution to the [4-problem.

= a low-energy supersymmetric model originating from a broken Fg

imetry and a Qo7 horizontal symmetry.

jirtues of both the Fg.S.S M and a A »7 family symmetry.

e mass of the Higgs, quarks and leptons as well as their mixing angles.



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33

