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» supersymmetric Standard Model
- R-parity and matter parity
- possible U(1)p_, origin

» Abelian family symmetries
- hierarchies from U(1)pn

- residual discrete symmetries

» non-Abelian family symmetries
- simple mixing patterns from non-Abelian symmetries
- direct and indirect implementation
- situation after 2012 (Daya Bay & RENO)
- sum rules for mixing angles

- benchmark example based on S4 and CP symmetry

Phenomenology of discrete symmetries 1 of 35



Standal”d MOdel (of particle physics)

- highly successful theory

- based on gauge symmetry
SUB)e x SUR2)w xU(1)y

- broken by Higgs vacuum

I Quarks . Leplons . Foree parlicles

families or generations

Why look beyond ?

- hierarchy problem (protecting the Higgs mass)
- origin of three families of quarks & leptons
- neutrino masses and mixing

- baryogenesis, dark matter, dark energy, etc.
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Supersymmetric Standard Model

.><2

Higgs

o
&)

)
0.

2 i Squarks Sleptons SUSY force
. Quarks . Leplons . Force particles O 0 Raricion

- addresses hierarchy problem

- most general space-time symmetry (extension of Poincaré symmetry)

- supersymmetry must be broken — at TeV scale?

- in total > 300 parameters

- 1Impose extra symmetries, e.g. R-parity ~ matter parity
—  MSSM with 124 parameters
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R-parity and matter parity
superfield formalism, e.g.
q = quark
Q=q+q0+ F,0° g = squark

6 = superspace variable

» R-parity (R,) defined on component fields, e.g. ¢ and ¢

R, ‘quarks leptons Higgs ‘ squarks sleptons Higgsino
dditive Zy | 0 0 0o | 1 1 1

» matter parity (M,) defined on superfields, e.g. Q

M, ‘ (s)quarks  (s)leptons ‘ Higgs(inos)
additive ZQ ‘ 1 1 ‘ 0

R, and Mp allow and forbid exactly the same terms in Lagrangian
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Matter parity from U(1)p_p,

matter parity - forbids (renormalizable) B and L violation
- introduced to stabilize proton
- violated by quantum gravity effects Krauss, Wilczek (1989)

- unless gauge origin, e.g. from breaking U(1)p_,

Q U¢ D° L E°|H, Hy| ¢

Ul)g-r |5 -+ -+ -1 1|0 0 |=*2
3xUl)g_r |1 -1 -1 =3 3|0 0 | +2
M, 1 1 1 1 1,0 010

— vev of field ¢ breaks U(1)p_r, spontaneously down to M,
“Higgs”-type field

neutral under

SM gauge group
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U (1)FN family Symmetry Froggatt, Nielsen (1979)



Fermion masses

fermion masses

fermion mass terms: M;; ¥; V;

dre s be

. U e Ce te
masses = eigenvalues of M
vy |_..|.V2.V3 ceo Le Te
L I l | ! l | l I l I l I l l | l | l |
My = M & Mg ~ A8 ueV meV eV keV MeV GeV Tev

Mg : M :mp ~ A A2 1
Me : Myt My ~ AP 0220 ] (A~ 0.22)

neutrinos massless in Standard Model

observation of neutrino oscillation — m, # 0

three scenarios:
,

AP :A:1 (normal hierarchy)
My, * My, i My, ~ < 1:1: A" (inverted hierarchy)

| 1:1:1  (quasi degenerate)
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- Yukawa terms

Froggatt-Nielsen mechanism

Vi v; H

- family dependent charges

forbidden by U(1)gn

. introduce flavon field ¢ which allows effective terms | ¢;; ¥, 1; H (%)IJ
- flavon ¢ acquires a VEV — Y;; = ¢4 (%)%
fields Q1 | Q2 | @3 DY | D; | D3 || Ha ¢ (& )\
Ulen || 6 | 4 | 0| 5| 3|3 || -3 -—=2] *
A3 N3
Cij Qz ch Hd (%) N — Gy Qz ch Hd AP — Yd ~ )\3 )\2 )\2
A1 1

- hierarchies arise from spontaneous breakdown of U(1)gN

- often residual discrete Zn symmetry, e.g. matter parity
- O(1) coefficients ¢;; not fixed
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Scale of family symmetry breaking

- models of flavor are typically formulated at high energies

- separate family symmetry from EW symmetry breaking

Mp A

Mcur T

M seesaw

flavon VEV (¢) breaks family symmetry
—  Yukawas Y,

Higgs VEV (H) breaks electroweak symmetry
— fermion masses M;; = Y;;(H)

Phenomenology of discrete symmetries

8 of 35



Discrete symmetries from U(1)py

- simple conditions to obtain a particular Zy symmetry from U (1)pn

- in U(1)pn charge normalization with X, = —1
XHd_XLl 3XQ1—|—XL1
M, | integer — % integer
. . Dreiner, Luhn, Mur ma,
P | integer — 5 | integer & g Thormeicr (2006) o
. . 1
B3 | integer integer + 3

M, lightest SUSY particle (LSP) is stable — dark matter candidate
allows for non-renormalizable operator QQQL — proton decay

Ps LSP is stable — dark matter candidate
forbids Q)L — proton stabilized

B3 LSP not stable — less missing Ep
forbids QQQL — proton stabilized
renormalizable L violation — mneutrino masses without seesaw
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Discrete Z4¢ symmetry from U (1)

- superspace variable 6 charged under R-symmetries

Q U¢ D° L E°|H, Hy|6

ZEJ1 1 1 1 10 0 |1 g 0 o

- solves the p-problem by forbidding uH, Hy
- forbids QQQL

. Z1t can be obtained from U (1) if

Xy, — X1,

3XQ1 + X,

Xo | X,
1

. . . 1 Dreiner, Luhn,
integer + 7 ‘ integer ‘ integer + 7 ‘ —1 Opferkuch (2013)
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Non-Abelian family symmetries



Fermion mixings

» mismatch of flavor (weak) and mass eigenstates

\Ijﬂavor — VT \Ijmass

» quark sector: V' and V,fl

1 X )\
Uckn = VE VAT » A1 A2 \ ~ 0.92
DD CA |

» lepton sector: Vi and V[

0.82 0.55 0.15
Upvns = VE VT ~ | 037 0.57 0.70

0.39 0.99 0.68
www.nu-fit.org (2013)

mixing <= each family knows of the existence of the others!
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Three neutrino flavor mixing

(in diagonal charged lepton basis)

flavor PMNS mixing mass mi =1
Ve Uel Ue2 Ue3 1
vy | = U Uy U,s 2
Vr Ui Uz Uss U3 Zg T
atmospheric reactor + Dirac
1 0 0 C13 0 8136_7;5
Upvmns = | 0 ca3  s23 0 1 0
0 —s23 o3/ \—s13€® 0 i3
05 ~ 45° 013 ~ 9°
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S, |3

p— )

E— W

solar

ci2 S12 O
—s12 c12 0

0 0 1
912 ~ 33°

Vo) ——
[ —— ]

Vg

‘e m2

Majorana,

1 0
0 %
0O O

0
0

L3
el 2
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(Global neutrino fits

normal mass ordering

NO o NO i NO .
Gonzalez—-Garcia et al Gonzalez—-Garcia et al Gonzalez-Garcia et al
@ | L& e |

Fogli et al i Fogli et al i Fogli et al
: e |
Forero et al i Forero et al i Forero et al
I — L ® e | e |
0.25 0.30 0.35 04 05 06 07 002 003 004
- 2 - 2 - 2
sin“6q, SiN“6,3 Sin“0,3

inverted mass ordering

10 Gonzalez—-Garcia et aII Gonzalez—Garcialet al Gonzalez—-Garcia et al
@ | @ e |

Fogli et al i Fogli et al i Fogli et al
] N
Forero et al i Forero et al i Forero et al
I — @& | e |
0.25 0.30 0.35 04 05 06 07 002 003 004
- 2 - 2 - 2
sin“fq, SiN“6,3 Sin“0,3
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Simple mixing patterns — tri-bimaximal

2
Harrison Perkins Scott

2 1 0
V6 3
Upvns =~ Urp = _\/16 \/15 %
IS U U
V6 V3 V2
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Simple mixing patterns — golden ratio

1.618

Q

c+

Qo

-
N
[
\V}

|

S |~

COS@lg SiIl912 0

. sin 019 cos 015 1

Upvmns = Ucr = | =75 2 2
__sinfq2 cos 0192 1

V2 V2 2
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- unify three families in multiplets of family symmetry

Candidates

- underlying group should have two- or three-dimensional representations

A(27)

Phenomenology of discrete symmetries

SU(3)

PSLy(7)

Z7>QZ3

SO(3)

A(96)
Sa —
Ay —
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Symmetries of the mass matrices (in favor basis)

charged leptons M, = diag (me, my,, m,)

symmetric under diagonal phase transformation h

MK _ hTME h* e.g. h = diag(l,e%,e%ri)
Dirac
neutrinos M, = UPMNS diag (mulamugamvs) UgMNS
symmetry of M, depends on Upying
Ml/ — k‘T Ml/ k k = F*)MNS dlag (—|_17 _17 _]‘) UgMNS

Majorana

four different £ — generate Z5 X Z5 symmetry group

Klein symmetry: K = {1, k1, k2, ks}

fOI" UPMNS — UTB:

-1 2 2 1 0 0
ki=s| 2 -1 2|, ke=—-[0 0 1], kzs=kiko
2 2 -1 01 0
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Origin of the Klein symmetry K

» direct models

Klein symmetry £ C family symmetry ¢

- flavons ¢ are multiplets of G
- their VEVs (¢) break G down to K in neutrino sector

- for TB mixing (kq, k2, h) generate permutation group Sy

» indirect models

Klein symmetry ¢ family symmetry G

- G responsible for generating particular flavon VEV configurations (¢)
- for TB mixing — from e.g. A(27), Z7 X Z3

—2 1 0
(¢1) ( 1 ) (p2) <1> (p3) o ( 1 )
1 1 1
= L, ~ v(p1¢] +dagy + 303 )v HH
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Two options

Family Generators Earriil Charged
Y

sym metr)f G J S,T,U Symmetry G Leptons

Diagonal

G fully broken l by flavon vevs

[ LTZ(A 572 (;T>)LHH]

T preserved S,U preserved

Special (P¥)
l Q’sl alignments 1 R = ;
_ : .
| i=1

(direct models) (indirect models)
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Building a direct model with tri-bimaximal mixing

- choose family symmetry group — Sy

- identity suitable flavon VEV configurations
Sy =U(¢") = (¢")  T(¢") =(¢")

Sy S U T (") (¢°)

1,1’ 1 +1 1 1 1,1’
0 1
1 0

-1 2 2 1 0 0 1 0

3,3 ||+ 2 -1 2 F({0 0 1 0 w?

2 2 -1 01 0 0 0

. control coupling of flavons to fermions by extra Zy or U(1) symmetry

% LH., LH o I vl
A2 U U A d

- with type I seesaw
L, ~ LH,v° 4+ ¢o"vev°
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Building an indirect model with tri-bimaximal mixing

- family symmetry G C SU(3)
- diagonal charged leptons
- type I seesaw with 2 or 3 v¢ in singlet representation of ¢

- diagonal right-handed neutrino mass matrix (e.g. due to Z5 symmetry)

a

L, ~ Z%LHUVS + M, v, v,

- ¢V ~3and L~ 3 of G
. G or SU(3) invariant — ¢¥ Ly + ¢"yLo + ¢%sLs = ¢U'L

- integrate out vS (seesaw formula)

Lo~ Y <<qj§> . ]\Z . <¢i>T> LH,H,

—2 1 0
- tri-bimaximal if [<¢';> x ( 1 >] (pY) o (1) (%) ( 1 )
1 1 —1
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Aligning triplet flavons in A(27), Z7 x Z3, Ay

Vig) = —

m2Y, ¢y + A(Zi ¢if¢i)2 + AV

central terms in AV

(i) K, G0l

~

(1) &, (61d)(dle,)
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k>0 —

k<0 —

~
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Flavon alignment in supersymmetry

- SUSY unbroken at scale of family symmetry breaking
- introduce so-called driving fields X which couple to flavons
. flavon superpotential W1av°n linear in X due to U(1)g symmetry

- F-terms of driving fields need to vanish

* o _anlavon o

- two examples in Sy

whaven o X gags = Xi(¢2102.2 + d22021) = 2X1¢2.102.2
— o) (o) o on) ()

Wﬂavon = goX3¢3/¢2 + X3’ (g1¢3/¢3/ + 92¢3/¢2 + g3¢3’¢1)
1

1
—> <¢3/>:¢3/ <1> <¢2>:¢2<1> 902:_29%901
1

- flavon alignments independent of g;
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How to accommodate 6013 ~ 9°



Direct models after 2012

G

A(96) sS4 A5

! N

T broken U broken S,U broken
or l A4

mixing patterns:

TB (BM) GR mixing
mixing at LO at LO

General HO
correctio ns

No Sum
Rules

Phenomenology of discrete symmetries

013 023 012
TB 0° 45° 35.3°
BM 0° 45° 45°
GR 0° 45° 31.7°
BT | 12.2° 36.2° 36.2°
TM | #0° #45° 35.3°
TB = tri-bimaximal
BM = bimaximal
GR = golden ratio
BT = bi-trimaximal
TM = trimaximal
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Solar mixing sum rule

- T symmetry of charged lepton sector “slightly” broken (e.g. GUTs)
UPMNS = ‘/fL VJL and VJL = UTB

1 0 0 C13 0 §13 C12 §12 0
Upvmns = | O ca3  So23 o 1 0 —579 c12 0
0 —§§3 C23 —§>{3 0 C13 0 0 1
5 1 6 0 36k 0 (8%, —68Y c;i = cosbB;;
S12 €12 & 7 (67’ 12 — (7, e12 + 0], et (913 23)) ij ij |
. ) . §7;j = sin 07;]- 6_7’6733'
So3 67,523 ~ \/L§ (61523 . 053 6@523)
b1z o L ¢ i(67,+6Y 0 o]
S13 € 13~ 75 (_6)12 e (012+633) _ 813 e 13)

. 0{2N¢90N022 — 913N90

. first order relation 012 ~ 35.3° 4+ 013 cos o
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Testing the solar sum rule

- JUNO will measure 615 with high precision
. wide-band superbeam (LBNO/LBNE/LBNF) could access Dirac phase §

- expected sensitivity for ruling out solar sum rule

180 —

135 X/\/‘

90

s ]

d (true)
o

-45 -
-90

s palueal
- . . . . o] (in preparation)

31.5 32 32.5 33 33.5 34 34.5 35
045 (true)

-180
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Atmospheric mixing sum rule

- U symmetry of neutrino sector “slightly” broken — Up$g # 0

. conserve one Z, symmetry of Klein symmetry Z5 x ZY

trimaximal 1 (TM;)

trimaximal 2 (TMs)

-1 2 2 -1 2 2
unbroken 25 SU = —% 2 2 -1 S = % 2 -1 2
2 -1 2 2 2 -1
2 1
i I S 1
PMNS mixing NG 1 7 1
1 1
solar angle 010 ~ 34.2° 0152 ~ 35.8°

first order relation

o3 =~ 45° + /26015 cos &

Phenomenology of discrete symmetries

Oo5 ~ 45° — % 013 cos
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cosd (true)

Testing the atmospheric sum rule

low energy neutrino factory could measure 653 and 0 to high precision

expected sensitivity for ruling out atmospheric sum rule

trimaximal 1 trimaximal 2
1 T T 1 T T
LENF (mLAr) LENF (mLAr)
LENF (MIND) —— LENF (MIND) ——
05 F 05 F
)
2
0F B’ 0
(7]
(@]
(&)
-05 F -05 F
_1 L L L L L L L L L _1 L L L L L
-0.25 -0.2 -0.15 -0.1 -0.05 0 005 01 015 0.2 0.25 -0.15 -0.1 -0.05 0 0.05 0.1 0.15
a (true) a (true)

Ballett et al. (2013)
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Indirect models atter 2012

3
[mEL = Z mg‘bi‘bgﬂ}

. =1 .
CSD2 CSD  PCSD
Dy, Py @ziq’s Dy, O3

TB mixing TBR mixing
at LO at LO

General HO
corrections

Phenomenology of discrete symmetries

flavon alignments:

No Sum
Rules

(®2)
1
CSD %(1)
1
1
CSD2 %(2)
0
1
PCSD %(1)
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Variations of constrained sequential dominance (CSD)

md ©,®7 + mQ &, oL

m, =
» (CSD
1 1
my
1 1
» (CSD2

01|3
N O
7 N
o N =
O = N
o O O
N~
+

Phenomenology of discrete symmetries

ol 2
Lo
VY
o O O
|+—\O
—t
H'O
—_
N~ —

my <K mj

tri-bimaximal

SE
wOo

013 =0 =0
023 = 45° my =

012 = 35.3° m4 =mi

1%
my

trimaximal 1 (TM;)

013 ~

V2 my

Oo3 =~ 45° + /2015 cos § ms

012 ~ 35.3° my

v
3 m% m

&l

ol O

Q

OOSO

NO

tri-bimaximal-reactor

~ _¢ v __
~ o) UV ~ 0
012 ~ 35.3° mk &~ mi
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An S, benchmark model



Direct model of leptons based on 5;

- discrete family symmetry with 24 elements
3/
- diagonal charged leptons (enforced by T symmetry)

. irreducible S4 representations: 1 17 2 3

. 1n neutrino sector

W, ~ ypLN°H, + (ys'¢3 + y202 + y101) N N +

Y by NCN®

S, irrep S U VEV alignment

-1 2 2 1 0 0 1
3’ il 2 -1 2 0 0 1 (par) o< | 1
2 2 -1 0 1 0 1
0 0 1 1

: (o (o) | eax(y)
1 1 1 (1) x 1
1/ 1 —1 (pq1) x 1

U broken & S conserved — TMsy mixing
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Flavon alignment

(p3r) = vz G) (p2) = v2 G) (p1) = v1 (p1/) = Ty

- SUSY unbroken at scale of family symmetry breaking

. F-terms of driving fields ¢¥ need to vanish

Wyavor = ¢3,(g1 3 ds + g2 b3 P2 + g3 d3 P1)
+ ¢3(94 P35/ 2)
+ ¢ (95 ¢3/ b3 + g6 P22 + g7 P161)
+0%(gs p1/ 1 + M?)

- previously assumed flavon alignments independent of g; with
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Il’l’lpOSll’lg CP Symmetry (straightforward in Sy)

2 -1 -1 O 1 1 1 0 O
Mg = YgrUgs —1 2 + Y2V2 1 1 0]+ yiva O 0 1
-1 -1 2 1 0 1 O 1 O

0 1
/
+ y]\} Gove | 1 —1

—1
0
1

-1 0
— g 2 _ 9396 2 ~2 1 2
Vo = —ﬁvl Vg = 395 (g + 2392 ) V] Uy = _Q_SM
CP symmetry — couplings y; and g; real
phases of vy, va, vs identical up to m or 7 /2
absorb phase of v7 into redefinition of N€¢
U1 V2 U3/ ?]/1/
(A) real real real real
(B) real real real imaginary
(C) real real imaginary real
(D) real real imaginary imaginary
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Predictions with CP symmetry

» sSeesaw mechanism

1 0 0
MV:mDMR_lm% with mp o (0 0 1)
0 1 0

1 0 O .
— Upning = (O 0 1) Ur with UgMRURZMJ%Iag
O 1 O

» resulting PMNS parameters

013 023 012 0 (041, 042)
A)  free 45° F %913 35.3° OQorm OQorm
B free 45° 35.3° :I:g Oor

C

unphysical: two degenerate neutrino masses

S

(A)
(B)
(€)
(D) unphysical: 613 = 35.3°

—> five low-energy predictions with imposed CP symmetry
(up to a finite choice)
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Conclusion and outlook

» symmetries reduce number of free parameters

» discrete symmetries essential in supersymmetry (proton decay)
z{H) symmetries from U (1)%];)

R-parity violating symmetries might be interesting

» observed pattern in neutrino mixing
. suggestive of non-Abelian (discrete) family symmetries
-+ 013 = 9° from Daya Bay and RENO
- deviations from simple mixing patterns

- testable(!) solar/atmospheric sum rules

» other aspects not covered here

CP violation and discrete symmetries — Mu-Chun’s talk
SUSY flavor problem

- quarks and grand unified models
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Thank you



Details of the direct S; model

matter || L | 7¢ | pu® | e | N°|| H, | Hq King, Luhn (2011)
Se |31 ]1|1]|3 | 1]1
zy 12121221010
Z% 0|2 |1[0] 0] 01O
0 flavons || ¢ | nu | e || @37 | ¢2 | ¢1 51'
0y = ( . S 13223211
(pe) = | ve
(o) oy — Z¥ o002 2210
0 A 112 0]0]0]0
1 1 )
(P31) = var <1> (P2) = v2 (1> (1) = (P1/) = vu/




Charged lepton sector

We ~ |2 (Le)1 7 + s (Lot 1 + sz (Lipe)a e €| Ha

. Z& controls pairing of flavons with right-handed charged fermions

- different Sy contractions of (Lyy) pick out different L; components

(LS@E)V — Lipey + L290£3 + L3y, — L3

L19063+L290£2+L3W1) . <L2>

Lpg)y = (
(Le)s Liprs + Lopeq + Lapes Ly

- mass matrix diagonal by construction
- m, heavier than m, and m,
- hierarchy between m, and m. due to hierarchy of VEVs w,, and w,

- just a toy model of charged lepton sector (with GUTs off-diagonals)



Parameter counting in neutrino sector

» without family symmetry

Y, 18 d.o.f neutrino masses 3+ 3
Mu . d. .f. } 18 of which are physical { PMNS mixing 343
"’ o Casas-Ibarra R 3+ 3

» in S, model

W, ~ LN®H, + (¢a + d2 + ¢1) NN + 1o NCN©

(1) with arbitrary flavon configurations
ox (1  + 3 +2 41 + 1) = 16

(4¢) with flavon alignment

2x (1 + 1 +1+1 + 1) = 10

Y, 2 parameters } 8 of which are physical

Mpgr 8 parameters

—— correlation between low-energy observables guaranteed



Combining family and CP symmetry

- theory symmetric under G transformation
g
v = plg)d

Grimus, Rebelo (1995)

44 ° 29 °
eneralized P transformation
& C 5 Branco, Gonzalez Felipe, Joaquim (2011)

CP

Y — X7

. sequence of transformations CP o G o (CP)~! is again G transformation

CP « G « . (P! . _
— Xyt = Xp'(gt T— Xp*(9) X

(0

. find all X which satisfy consistency condition | Xp*(¢) X1 = p(¢)

- these matrices form a representation of the automorphism group of ¢

Holthausen, Lindner, Schmidt (2012)

. g — 54; X = Io(h) with h ~ S4 Feruglio, Hagedorn,Ziegler (2012)



Imposing CP symmetry in S

- naive expectation: all coupling constants real

. closer look at term |y ¢ x ¢ |in Sy where (¢) X = p(h)
(i1) p*(h) = X""p(h')X = p(h)

(i13) Clebsch coefficients are real
yXegn i xg ok Y X g [XETT (XX [X Tk
=y X ¢ [p(R)Y7 i [p(h)x7]; [p(R)@" |k
= {y" < cygic [0 ()i [0 (W)X o™ (M@l |
= Ly x cige Il [p(R)X]; o)l }
= {y" x ey i x; 0r}

*

- CP maps term y 1 x ¢ onto its hermitian conjugate if y is real

— naive expectation correct in Sy (in basis with real Clebsches)



