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The Standard Model

Triumph of modern science, but incomplete-
Fails to predict the measured fermion masses and mixings.

http://www.particleadventure.org/standard_model.html



What We Taste

fermion masses
dre s be

U Ce le
vV, —eieVyeV3 Ee e Te
| | | | | | | | | | | | I | I | | | | |
neV meV eV keV MeV GeV TeV
Quark MIXIﬂg LeptOn MIXIﬂg
Ucknr = Ri(0SEMY Ry (0SEM drear )R (0555 Upyvs = Ri(623) Ro(b13, 0cp) R3(612) P
PEN =027 +0.1° 613 =8.50°(103%)  aitcosaz
OFM = 2.4° +0.1° Bag = 42.3°(F3:00)
OGEM = 13.0° £ 0.1° 01 = 33.48°(F078))
Scrcar = 60° + 14° Scp = 306°(F30)

Focus on leptons.

http://Ibne-old.fnal.gov/how-work.shtml



Motivated by Symmetry

Introduce set of flavon fields (e.g. " and ¢" ) whose vevs break G.to G, in
the neutrino sector and G_in the charged lepton sector.

T(¢") ~ (¢") 5(¢") =U(®") = (")

Family Generators
Non- symmetry S,T,U

renormalizable

couplings of T preserved S,U preserved

flavons to mass S.F. King, C. Luhn (2013)
terms can be Charged Neutrino

used to explain Lepton Sector Sector

the smallness of l & b

Yukawa :

Couplings. [ﬁz o % e Hd] [ o %LHHLHHJ

Now that we better understand the framework, what can these symmetries
be?



Residual Charged Lepton Symmetry

Since charged leptons are Dirac particles, consider ]\4e = meml.
When diagonal, this combination is left invariant by a phase matrix

Q. = Diag(e'P, e'P2 ¢'P3)
Because QlMeQe = M,
Det(Q.) = +1 = p1 = —P2 — B3

Assume ,82’3 — 27’&']6233/%273 with k2’3 — 0, ey, N2 3 — 1
Supposed we keep all T' = (), then
Ge 2 Zn, X Lpy = Zn X Zm,

Can apply same logic to neutrino sector if neutrinos are Dirac
particles, but what if they are Majorana®



Residual Neutrino Flavor Symmetry

Key: Assume neutrinos are Majorana particles
UM, U, = MP* = Diag(m,, ma, ms) = Diag(|m|e ", |male "2, |msle"*3)

Notice U, — U,Q, with @, = Diag(+1,£1,4+1) also dlagonallzes
the neutrino mass matrix. Restrict to Det(Q,) = 1 and define G/; Diag _ 4

| 1 0 0 | -1 0 0 | -1 0 0
Gt =0 -1 0 |, G¥*=1 0 1 0 |.gi*=| 0 -1 0
0 0 -1 0 0 —1 0 0 1

. Di .
Observe non-trivial (G,L 1ag)2 — 1, for Zzl, 2, and 3, Sometimes called
I : Diag ~Diag Diag . - Sy, S, and U
relations G, G =G for i £ § £k

Therefore, these form a /9 X Z9 residual Klein symmetry!

In non-diagonal basis: )M, = GT M,G; with G; = U,G;*U]

What if we do not keep the whole Klein symmetry?



100

¢, =25y Dictated by Simplicity v=-{oo:

010
[/ — UT U/ ( [ )]L o, Q Frampton, Petcov,
T Rodejohann (2004)
U and U are CKM like matrices.
. _@'w — W . Zf_l ZEA
U =diag(1l,e ", e Qo =diag (1,e" 2 ,e' 2
/cos 07y  sinf7, 0 \
sin 7, cos 67, 1 Marzocca, et al. (2013)
T = Y'Y Rio (0V) = | = Petcov (2014)
Uy = Bz (033) Rz (02) V2 V2 \ﬁ Girardi, Petcov, Titov (2015)
_sinf{y  cos by
wealvali

Has this particular form been used in the literature? Said again, can we fix 67, by symmetry?



a,-zsxz¢  Popular Forms

((DSH@ sin 07, 0 \
sinfy, cos 6, 1 Marzocca, et al. (2013)

v v 7 vy _ | = Petcov (2014)
U, = Ra3 (033) R12 (073) V2 V2 \/5 Girardi, Petcov, Titov (2015)

5H19“ COSGV

fff)

TriBiMaximal (TBM) Mixing: sin” 07y = 1/3

BiMaximal (BM) Mixing: sin® 6%, = 1/2

Golden Ratio A (GRA) Mixing: sin“ 0%, = (2 + r)~! = 0.276

r= (14++5)/2

Golden Ratio B (GRB) Mixing: sin 912 — (3 — 7“)/4 >~ ().345
HexaGonal (HG) Mixing: sin® 6%, = 1/4

These forms 'naturally' arise from simpler symmetries, e.g., A4, S4, A5
However, they all have a vanishing reactor mixing angle 01s.

Could assume a larger flavor symmetry, e.g., A(600)(Lam (2013); Holthausen et al. (2012)),
To better match reactor mixing data (U ,=0.170), but then what's the point?



Charged Lepton Corrections

For example, assume the theoretically motivated form:
(Marzocca, Petcov, Romanino, Sevilla (2013); Petcov(2014))

U. = Ry (054) Ry (055)

This form gives rise to a nonzero reactor mixing angle when applied to U,,ie.,

Ues| = sin ]y sinflag  sin” o3 = ) (1 — 2sin #5 cos B4 cos(w — 1))

sin B3 =

It also give rise to a “sum rule” relating the Dirac CP-violating phase to the mixing
parameters, i.e.,

tan foa

cos 0 = cos 2075 + (51112 f1o — cos’ 5) (1 - cot? fog sin’ f13) |

sin 2619 sin A3
Notice that the free parameter from ‘lack of symmetry' enters sum rule.

Use sum rule to analyze complete parameter space of Dirac phase associated with specific
breaking patterns yielding viable phenomenological predictions for the groups A4, S4, As !



Procedure
Gf — A47 Tla 547 A5

Although results are generic until restricted to one of these groups.

1) Ge=Zsand Gy, = Z,,, n >20r Zy X Ly, nym > 2;
2)
3

Ge=Z,, n>20r Zy, X Ly, n,m>2and G, = Zs;

) Ge = Zs and G, = Zs;

4) G, is fully broken and G, = Z,,, n > 2 or Z,, X Zp,, n,m > 2;
)

5) Ge =Zp,n>20r Ly X Ly, n,m > 2 and G, is fully broken.

Perhaps an example might help?



Example - Case 2
U® (075,073,053, 073) = Ra3(053) R12(075)U13(073, 013)
U = Ra3(053)R12(072)U13(073, 013)U13(073, 073)Qo

By comparing MNSP elements in PDG convention to above form yields the sum rule:

¢ ‘ ‘ ‘ -9 y S . 2
cos? 013(cos? #2y cos? 03, — cos? Ba3) + sin? 09, (cos? Bz — sin? A3 sin® fa3)

COS 0 = — ' 1

I Lt o . 9 -1‘.2
sin 2693 sin f3| sin 09, |(cos? 13 — sin” #7,)2

where
)
Up3) 1 2400 24 .+ 2p0 24 20
sin fas : cOS~ H5481n° B3 sin” #75 + cos” #13 sin~ Hs:
5 — 9 23 12 23
1 — |[f€3‘ COS _913
1 . : : A
— zsin 2013 sin 263, sin 0y cos 013] .
2 no
, . o - sin” #5.
- - > - /12
sin® B3 = \(,f€;3\2 = cos” #]sy sin® f13 sin® f1o

T 1 \[fgg\i’ T cos? 013



Application to A4

(Ge,GY) = (Z3, Z>) cosd  sin® 69

B1 (sin? 09,,sin?09;) = (1/3,1/2) 0.570  0.341

(sin® A12)pr = 0.308,  0.259 < sin”#12 < 0.359
(sin? fa3)pr = 0.437 (0.455),  0.374 (0.380) < sin® 63 < 0.626 (0.641)

(sin 615)pp = 0.0234 (0.0240),  0.0176 (0.0178) < sin® 615 < 0.0295 (0.0298)

Best fit and 3o of Capozzi et al, (2014) of Normal (Inverted) Ordering

See 1509.02502 for different cases mvolvmg various charged lepton rotations
as well as the groups G5 = A4, T, Sy, As



Conclusion

It is possible to understand the observed pattern of 3-neutrino
oscillation with discrete family symmetries.

The residual symmetries can constrain the forms of U, and U,
and hence constrain the form of the MNSP mixing matrix.

This can lead to a correlation between the neutrino mixing angles
and the Dirac CP-violating phase, i.e., a 'sum rule'.

In 1509.02502, we have considered all possible breaking patterns
of an arbitrary discrete symmetry group G, and applied these results

to Gf = S4,A4,TI,A5 )

The results of this study show that with the accumulation of more
precise data on the mixing angles and the measurement of the
Dirac CP-violating phase, it is possible to critically test currently
phenomenologically viable theories based on discrete family
symmetries.



Backup Slides



Patterns Considered

G, C Gy G, CGy U.dot U,d.o.f U d.o.tf.
fully broken fully broken 9 —6 9—-8 124 (+2)
Zo fully broken 4 — 2 958 10 —>4(+2)
Lp, n>2 or , : :
ne 1t ! fully broken 0 9—8 8 =4 (+2)
L X L, o = 2
fully broken 79 9—6 4 10 — 4 (+2)
Zy.m > 2 or _
fully broken ne =20l 9—6 2 8 =4 (+2)
Lp X Ly 10110 > 2
Z9 Zo 4 — 2 4 4 (+2)
Lp, > 2 o0r ,
s Zs 0 1 2 (42)
Ly X Lo, o1 > 2
7z s 42 2 2 (+2)
Lp X Ly 10110 > 2
Ln.n > 2 or L, n>2o0r 0 5 0 (+2)
L X L, o = 2 Ln X L, o > 2

Degrees of Freedom relevant for MNSP angles and phases. Arrows indicate
reduction of parameters by redefinition of charged lepton fields. Parentheses
indicate inclusion of Majorana phases.



Results ( .S, )

(Ge, Gy = (Za, Zs) cos & sin? 0;
C1 sin? 03, = 1/4 —0.806 not fixed
C2 sin? 035 = 1/2 not fixed sin?flp3 = 0.512
C3 sin? 07, = 1/4 —1* not fixed
C4 sin? 07, = 1/4 0.992 not fixed
C5 sin? 67, = 1/4 not fixed sin”f15 = 0.256
C7 sin? 655 = 1/2 not fixed sin® flps = 0.488
C8 sin? 65, = {1/2,3/4} {-1*,1%} not fixed
(G..Gy) = (Z3,Z3) cos & sin” A2
B1 (sin® 655, sin? #53) = (1/3,1/2) 0.570 0.341
B2 (sin’ 05y, sin’ 0§3) = (1/6,1/5)  —0.269 0.317
(Ge.Go) = (Z4, Zs), (Zo x Zo, Zo) cos & sin” A2
B1 (sin® 655, sin? #53) = (1/4,1/3) —1* 0.256
(Ge,Gy) = (Z2,24), (Zo,Za X Za) cos d sin? flog
A1 (sin® 055, sin” 633) = (1/3,1/4) —1* 0.488
A2 (sin® 65, sin” 653) = (1/2,1/2) 1* 0.512




Results ( As

(Ge.GL) = (Z2, Z2) cosd sin? Bij
C1 sin? 5, = 1/4 —0.806 not fixed
C3 sin? 73 = 0.0955, 1/4 0.688, —1* not fixed
C4 sin® 055 = 0.0955, 1/4 —1%, 0.992 not fixed
C5 sin® 05, = 1/4 not fixed  sin?#o = 0.256
C8 sin® 05, = 3/4 * not fixed
C9 sin® #5, = 0.3455 not fixed  sin?f19 = 0.330
(Ge.GL) = (Z3, Z9) cosd sin® 1o
B1 (sin® #5,,sin 65;) = (1/3,1/2) 0.570 0.341
(G, Gy = (Zs, Za) cos sin? 15
B1 (sin® 055, sin” 03;) = (0.2764,1/2) 0.655 0.283
B2 (sin? #2,, sin? #3;) = (0.1382, 0.1604) —0.229 0.259
(Go, G = (Zg X Za. Z3) cosd sin? 09
B2 (sin? #5y,sin” #55) = (0.0955,0.2764) —-1* 0.330
(1/4,0.1273) 0.805 0.330
(Ge.GL) = (Zo, Z3) cosd sin? fog
A1 (sin® 655, sin® #35) = (0.2259. 0.4363) 0.716 0.553
A2 (sin® 0, sin® 055) = (0.2259, 0.4363) ~0.716 0.447
(Ge.GL) = (Zo, Zy) cosd sin? fag
A1 (sin? #5,, sin? #5;) = (0.4331, 0.3618) —-1* 0.630
A2 (sin® #5,, sin® #55) = (0.4331, 0.3618) 1* 0.370
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