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Assuming that the observed 126 GeV particle at the Large Hadron
Collider (LHC) is very close to being the Standard-Model Higgs boson,
three examples of extra scalar doublets are discussed where they are set
apart from the 126 GeV Higgs boson naturally because of symmetries.
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1. What has the LHC discovery taught us?

Last year (2012) was the year of the Higgs boson. We now know that
there is a particle at 126 GeV which looks very much like the one Higgs
boson of the Standard Model (SM). What has it taught us?

There are two possibilities: (1) The SM is it, and we can just clean up
the details and go home. (2) There is new physics lurking, but it should
naturally give us the 126 GeV particle as observed!

An example of (2) is supersymmetry (SUSY) where there are two Higgs
doublets. In general, the lightest neutral physical scalar is not a linear
combination equaling that of the SM, unless the SUSY breaking scale Mgusy
is rather high, say 10 TeV. However, myg = 126 GeV > myz requires not
only large Mgyugy but also very fine tuning in the Minimal Supersymmetric
Standard Model (MSSM) between the parameters m%{u and p2. The new
hope of natural SUSY is NMSSM or a gauge extension, i.e. Z’ or more.

2. Dark scalar doublet(s) and neutrino mass

A second scalar doublet (nT,7°) with an exactly conserved odd Zs sym-
metry [1] is good, because it does not mix with the SM Higgs and is a
possible dark-matter candidate. In 2006, I proposed [2] the scotogenic (from
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the Greek scotos meaning darkness) model of radiative neutrino mass, us-
ing the addition of N; which are also odd under Z, together with (™, %),
thereby linking neutrino mass to the existence of dark matter.

Let n° = (nr +in1)/v/2, then ng could be (cold) dark matter [2], or N; of
the order of 10 keV could be (warm) dark matter [3]. Two months after my
2006 paper, Barbieri et al. [4] proposed (n*,7%) by itself and called it the
inert Higgs doublet, but it is neither inert (because it has gauge interactions)
nor Higgs (because it has no vacuum expectation value).

Note that ng 1 are split in mass by the Zy allowed term (\5/2)(®1n)?+H.c.
as ¢° acquires a v.e.v. This is important: (1) the one-loop diagram for Majo-
rana neutrino mass is nonzero, and (2) the elastic scattering of ng off nuclei
through Z exchange is kinematically forbidden if 77 is a few hundred keV
heavier than nR.

Recently, it has been proposed [5] that Zs be promoted to a local gauge
U(1)p symmetry with two dark scalar doublets (nb,ngg) transforming as
+1 under U(1)p, together with three Dirac Ns. The Majorana neutrino
mass is then generated by mpy without breaking U(1)p. Such a massless
dark photon is consistent with astrophysical observations for Dirac fermion
dark matter at the TeV scale. If U(1)p is broken by a scalar with two units
of dark charge, the Z5 symmetry is recovered. The dark photon is then
massive, together with a scalar particle which is also a force carrier for dark
matter.

3. Lepton (and quark) flavor triality

Extra scalar doublets are also present in models of flavor symmetry based
on non-Abelian discrete symmetries. In the case of A4, T7, or A(27), a
residual Z3 symmetry is obtained [6, 7] in the charged-lepton sector, allowing
the natural separation of the SM Higgs from two others which carry no v.e.v.

Let Lj = (vi,1;) ~ 3, I ~ 1,(i = 1,2,3), and &; = (¢, ¢?Y) ~ 3, then
Liljc-ém where & = (¢°, —¢™), yields

v 00\ 4 /1 1 1 fe 0 0
M= 0 w3 — 1 W« w 0 fu 0O [|. (1)
0 0 o) V3\1 w W 0 0 f

If v1 = v9 = v3, then a residual Z3 symmetry persists in the lepton Yukawa
sector

Ling = vt [mTI_/TTR + muEuMR + me[_/eeR] %o
+U_1 [mTE,uTR + muEeNR + meI:TQR] o1
4ot [mTEeTR + mMI_/T,uR + meiueR] ¢2 + H.c., (2)
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where v = (¢f)) and

&, (1 11 Po
P |l =421 w? w b1 | - (3)
D3 V3 1 w Ww? P2

Thus e, pu, 7 ~ 1,w? w and ¢g12 ~ 1,w,w? under Z3, with ¢g = .

This flavor triality symmetry allows 77 — puTpute™ and 77 — etetp™
but no others (including Iy — loy and pu — eee.) From B(tT — ptute™) <
2.3 x 1078, it is obtained

mima

(4)

> 22 GeV <174 Gev) ,

2 2
mi +m3j v

where m o are the masses of the mass eigenstates ¢f , = (¢9 £ ¢9)/ V2.

4. S3 model (2004)

In 2004, a flavor model of quarks and leptons was proposed [8] using
the non-Abelian discrete symmetry Ss. This is the permutation group of
3 objects, which is also the symmetry group of the equilateral triangle. It
has 6 elements divided into 3 equivalence classes. It has 3 irreducible repre-
sentations 1,1’, and 2, and the multiplication rule 2 x 2 =1+1"+ 2.

Quark and lepton assignments are:

Le:(Veae)v Ql:(uad)v @3:(¢g’¢g)'\’l7 (5)
667 /,[/C7 uC7 CC7 d67 SC ~ l, Tc,tc, bC ~ 1/7 (6)
(Lys Lr), (Q2,Q3), (P1,P2) ~ 2. (7)

Using the Yukawa invariants 2 x 1 x 2, 2x1'x 2, 1 x 1 x 1, the mass matrices
for the u and d quarks are given by

gyvy  givs 0 g3vs givs 0
Mya=|{ 0 g} —gsvi |, | 0 gfva —gfva | . (8
0 gfvs  givs 0 g ggu

Note that (vi,v2) in My is replaced by (v3,v}) in M,. This is important
in getting a realistic Vogm.

Let v3 = 0 and v1 = v (i.e. S3 — Z2), the M,, 4 are both rotated by /4,
so their mismatch is zero, i.e. perfect alignment with f25 = 0. Hence this
residual symmetry is a good explanation of why Vegw is almost diagonal.
Its breaking occurs when vs # 0 and v; # vy, which may be assumed to be
small naturally. In the lepton sector, M; is just like My, but M, may be
chosen to be diagonal if it is Majorana. Hence v,—v, mixing is predicted to
be maximal, i.e. f23 = m/4, in agreement with experiment.
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5. Update (2013)

The original 2004 model mainly dealt with the lepton sector and pre-
dicted very small 13, in disagreement with present data. However, it ne-
glected e—p mixing which is generally present, so the model is still viable.
Here the quark sector is studied instead [9].

Consider first only the 2 heavy quark families with (@1, ®3). Let

2 2
Vie = 2 (@{@1 n qsg@) +1ix (@{@1 n @3@2) + 1 (@{@1 . 45;@2)
113 (2@, + ol ) + 2 (0]2,) (@)21). 9)
This is invariant under S except for the soft u3 term which breaks S3 to

Zy (#1 <> ®3). The Zy symmetry enforces (¢)) = (¢9) = v = 123 GeV,
resulting in the mass eigenstates:

O = $ir + dom, m? = 2(2\; + A3)v?, (10)
= $1r — PR, m? = 23 + 2(2X9 — A3)v?, (11)

= ¢11 — P, m? = 243, (12)

H* = (67 — ¢3) /V2, m? = 2u3 — 2\30°. (13)

At this level, h? is even under Z, and is naturally identified with the SM
Higgs. The other scalars are odd under Zy. Note that if u3 = 0, then A
would be massless.

The ¢ — t and s — b mass matrices are both of the form

fiv —fav 1 (1 =1\ ( fiv2e 0
= = — . 14
M (fw fo )=\t 1)\ 0 pva (14
Consequently, the physical s, b quarks couple to R according to (m/2v)5s5+
(mp/2v)bb as in the SM. The other scalar couplings are given by

_ HY +iA\ -
s (255

\fu {H*L + (HO};A> SL:| br + H.c., (15)

which maintains the Z; symmetry with ¢,b odd and ¢, s even. This forbids
b — sy but allows By B mixing. The coefficient of the (5.,br)? operator
is (mi/4v )(mH2 - mAZ). The coefficient of the (Sp,br)(Srbr) operator is
(msmy/4v?)(my? +m?). The hadronic matrix element of the former (lat-
ter) gives —23.87 x 1076 GeV? and 1.20 x 1076 GeV3. The experimental

mg
Ly =
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value Amp, = 1.164 £ 0.005 x 10~ GeV agrees with the SM prediction to
within 10%, so mp 4 are constrained by

|—23.87 (mj —m;?) + 1.20 (m? + m?)| < 1.16, (16)

where myg 4 are in units of TeV. If myg = ma, then mpy 4 > 1.44 TeV. If
mp = 0.7 TeV, then 0.73 < my < 0.75 TeV.
Add @3 with <¢g> = v3 < v, then Mg, are diagonalized on the left by

1 O O Cd _Sd 0
Va=10 ¢ —¢ sq cq 0], (17)
0 s 0 0 1
where s’ /¢’ = vg /vy, and
1 0 0 Cu —sue“S 0
Va= |0 s — || sue™ cu 0 (18)
0 ¢ ¢ 0 0 1
Hence
cucd + " sysqe® —cySq + ' sycge®  §s,e"
Vo = VilVy = | —sucae™ + cusq susae ™ + "eycqg  §'cu )
_SNSd _Sllcd C//

(19)
where §” /¢ = (¢* — §'*)/2s'¢/. Using the 2012 PDG values, the parameters
of this model are given by

s" =0.04135, s, =0.08489, s4=0.20983, cosd = —5.47 x 1073,
(20)
and
Jop = SucCuSqcd (5")2 d"sind = 2.96 x 107°. (21)
This scheme does not predict any precise value of the measured parameters,
but it does provide an understanding of why (s”)2, (s4)?2, (s4)? are small.
To obtain v; # wve, the Zs symmetry must be broken: add u%(sﬂ@l —
@;@2). This changes kY. However, in the limit of large p3 > 0,

()\1 — Ay + )\3) (U% — U%)
203

RO — hdy ~ HO. (22)

Note that vy = vg implies h® = hQ;. Without the (v} — v3)/4v? = 0.0207
suppression, us becomes much larger, say > 10 TeV.
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Adding @3 means the addition of 5 quartic terms invariant under Sj

(\1/2) (qs;@,f + s ((pg@g) (@{@1 + qsgqsz) + Ao (qslqs{ + @@5) &y
+ |22l 01, + A (0:10]01 + 2,0]8,) + He | . (23)

The Ag term may be eliminated by imposing an extra Z symmetry under
which @3 and (u,d);, are odd, and all others even. This Zs symmetry is
then allowed to be broken softly by the term /Lisﬁg(@l + &) + Hc. As a
result, for large m3 > 0, vy ~ —p3(vy + v2)/m3. Hence ¢3r mixes with

(V1P1R + Vador)/\/ V3 + v3 by v3/\/v? + v3. This means that

vgm}%

ho — th ~ ¢3R . (24)
2vm§

If the \g term is present, then h® — hd\; ~ (2v3/v)¢sr which means that
h® exchange itself would contribute too much to K% K° mixing. With the
extra Zo symmetry, this problem is alleviated.
The direct exchange of qﬁg to K% K° mixing is now dominant and it has
the effective interaction
sicimgms - -
~—5 5 (dusw) (drse) - (25)
v3m3

Allowing this to be 20% of the experimental measurement Ampg = 3.483 +
0.006 x 10715 GeV, v3ms > 6 x 10* GeV? is obtained. For example, if
vy = 10 GeV, then mgz > 6 TeV.

The scalar spectrum of this model has only one light Higgs boson h°
which coincides with the SM Higgs to a very good approximation. As for
the other two scalar doublets, they are much heavier. The linear combination
&1-Py is constrained by By B, mixing to be heavier than about 0.7 TeV,
whereas @3 is constrained by K%K mixing to be heavier than about 6 TeV
if v3 = 10 GeV. With these masses, all rare processes involving only quarks
but not leptons such as b — sv are negligible. However, the s—b sector is
connected to the pu—7 sector

m HO + A
E B 7’”‘ H+_T + <> 7 }
Y V20 [ VrL NG TL| UR
, HY +iA
+% |:H+V},LL + (\j{) /LL:| T + H.c. (26)

This means that the decay b — st~ u*(Bs — 77u~) proceeds through
the exchange of H + iA with a possible branching fraction of 1077, but
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b — st (Bs — 7 puT) will be suppressed by (m,/m.)?. Given that
B(Bs — pTu~) ~ 3.2 x 107 has been seen at the LHCb, this unique
prediction is verifiable in the future.

6. Conclusion

In conclusion, the 126 GeV particle discovered at the LHC could very
well be the SM Higgs boson or very close to it. Yet it may have some natural
relatives, such as dark scalar doublets, or flavor triality partners, or the extra
doublets in an Sz model, where h? ~ th because of the residual symmetry
Zy from S3, and the extra Zs symmetry for @3 and (u,d)r,. The unique
prediction of this model is b — 7~ (Bs — 77~ ) which may be testable
at the LHCb or Super KEKB.
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