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One Higgs Does All?

With the discovery of the 125 GeV particle at CERN in
2012, and the absence of any other evidence of new
physics, together with subsequent data confirming that it
Is indeed consistent with being the one predicted Higgs
boson of the Standard Model, it has become essential to
ask the question: Is that it?

After all, the SM needs just the one Higgs. It is capable
of doing it all, i.e. gives masses to the W= and Z
bosons, as well as all the quarks and charged leptons.
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This means that the SM is potentially complete, and
there is nothing else fundamental to discover, excepting
of course the origins of neutrino mass and dark matter.

On the other hand, the discovered 125 GeV particle may
not be exactly the one Higgs predicted by the SM. It may
still hold some surprises as its properties are being
scrutinized experimentally. On the phenomenological
side, 1t opens up the new possibility to use it as a probe
of new physics. On the theoretical side, we may want to
understand how this one Higgs occurs in a natural
extension of the SM.
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More Higgs or One Higgs Does More?

Numerous studies have been made on the extensions of
the scalar sector of the SM: PACS category 12.60.Fr. In
particular, two-Higgs doublet models abound: Types I, I,
X, Y, etc. In all such cases, the linear combination with
(@Y) = 174 GeV, i.e. that of the SM, is in general not
automatically a mass eigenstate.

Another often studied scenario is that of flavor symmetry.
To realize such a symmetry in a renormalizable theory,
the Higgs Yukawa couplings f;;1Q;ird;r®y, etc. require
that there be more than one Higgs doublet.

The One Higgs and its Connections (pkul5) back to start



What if there is only One Higgs?,

i.e. a scalar doublet with (¢") = 174 GeV, which is
prevented from mixing with any other scalar by an
approximate or exactly conserved symmetry.

The former may be realized in a model of flavor, e.g.

S3 X Z5, where there are three Higgs doublets, but one is
very close to that of the SM because of two approximate
residual symmetries. The latter was the inspiration of the
scotogenic model [Ma(2006)] of radiative neutrino mass
(from the Greek scotos meaning darkness, which
identifies this symmetry as Zs for dark matter. A second
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scalar doublet (n*,n") and three neutral fermion singlets
Nj 2.3 are added to the SM which are odd under Z,
whereas all other (i.e. SM) particles are even. The
complex scalar n° = (ng + in)/V/2 is split so that

mpr # my. Let mgp < my, then np is a dark-matter
candidate. Alternatively, it may be the lightest V.

Using f(z) = —Inx/(1 — x),

(M) = 32 " F (02 fmi) — F(M2 fm3)]

1

Dark matter is WIMP (freeze-out) or FIMP (freeze-in).
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S35 Model of Quarks

In 2004, Chen/Frigerio/Ma proposed a flavor model of
quarks and leptons based on the non-Abelian discrete
symmetry S;: 6 elements with irreducible 1,1, 2
representations. |t may be generated by the 2
noncommuting matrices

(o) (65 2)

where w = exp(27i/3) = —1/2 +i+/3/2. In this basis, if
(D1, ) ~ 2, then (B, d1) ~ 2.
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Quark and lepton assignments under Ss:

Le = (V€76)7 1 = (uv d)7 b3 = (ng,qbg) ~ 1,

¢, 1, ul, e, de, s ~ 1, Tt b ~ 1,

(Lys Lr), (Q2,Q3), (1, Py) ~ 2.

Yukawa invariants: 2 x 1 x 2, 2x1"x2, 1x1x1,
thus

U, ¥ U,k d d
g3V3 943 0 g3vs 943 0
M _ 0 Uy ok U,k 0 d . d
w,d — g1V go Uq 9 gi 02 go U2
U, % U, % d d
0 givz 9205 0 g1 gon

Note that (v, vs) in My is replaced by (v, v]) in M,,.
This Is important in getting a realistic Vogas.
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et v3 =0 and v; = vy (i.e. S5 — Z5), then M, 4 are
both rotated by 7 /4, so their mismatch is zero, i.e.
perfect alignment with 6535 = 0. Hence this residual
symmetry is a good explanation of why Vi gas is almost
diagonal. lts breaking occurs when v3 = 0 and vy # vs,
which may be assumed to be small naturally.

In the lepton sector, M, is just like M, but M, may be
chosen to be diagonal if it is Majorana. Hence v, — v,
mixing is predicted to be maximal, i.e. 693 = 7/4, in
agreement with experiment.
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The original 2004 model mainly dealt with the lepton
sector and predicted very small 6,3, in disagreement with
present data. However, it neglected e — 4 mixing which is
generally present, so the model is still viable.

What about the quark sector? [Ma/Melic(2013)]

Consider first only the 2 heavy quark families with
((I)l, (I)Q) Let

Vie = 13(®]®) + ®Jdy) — pd(®] 0y + BJD) +

1 1
§>\1(<I>J{<I>1+<I>§<I>2)2+§)\2(<I>J{<I>1—<I>§<I>2)2+)\3(<I>‘;<I>2)(<I>£<I>1).
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This is invariant under S5 except for the soft u3 term
which breaks S5 to 75 (®1 < ®5). The Z, symmetry
enforces (@\) = (¢)) = v = 123 GeV, resulting in the
mass eigenstates:
h = d1r + dar, m* = 2(2X\1 + A3)v7,

= ¢1r — P2r, M” = 205 + 2(2X3 — A3)v?,
A G11 — Par, m* = 2#%7

= (67 — ¢3)/V2, m?=2u5 — 2\30°.

At this level, h" is even under Z, and is naturally
identified with the SM Higgs. The other scalars are odd
under Z5. Note that if 43 = 0, then A would be massless.
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The ¢ —t and s — b mass matrices are both of the form
(flv —f2U> 1 (1 —1) <f1\/§?} 0 )
M p— = —— .
f1”U fgv \/5 1 1 0 fg\/ﬁ’U
Consequently, the physical s, b quarks couple to A"
according to (m,/2v)ss 4+ (my/2v)bb as in the SM. The
other scalar couplings are given by

m _ HO+iA>}
Lv =—2 | H" ;4 b
' \/iv{ g ( vz )

my B HO—I—iA B
| H'e +( )8}[) + H.c.,
\/50{ L /2 L|OR
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which maintains the Z5 symmetry with ¢,b odd and c, s
even. This forbids b — sv but allows By — B; mixing.
The coefficient of the (5:br)? operator is

m; (1 1
402 \m% m4)
The coefficient of the (5.br)(Sgrbr) operator is
msmy [ 1 | 1
42 \m? m%y/)
The hadronic matrix element of the former (latter) gives
—23.87 x 1079 GeV” and 1.20 x 107% GeV”.
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The experimental value Amp, = 1.164 4= 0.005 x 101!
GeV agrees with the Standard-Model prediction to within
10%, so we obtain

1 1 1 1
—23.87 5 > | +1.20 >+ — < 1.16,
My Ny My Ty

where my 4 are in units of TeV.

f myg = my, then Mg A > 1.44 TeV.
fmg=1TeV, then 1.03 < m4 < 1.08 TeV.
f myg = 0.7 TeV, then 0.73 < my4 < 0.75 TeV.
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Add @3 with (¢3) = v3 << v, then M, are

diagonalized on the left by

1 0 Cd
‘/d — O C, —S/ Sd
0 s 0

where s’/ = vy /vy, and

—S( 0
Cd 0 ’
0 1
—s,e° 0
Cy 0
0 1
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Hence V(JKM — V,de —

10 —¢, S + c//Squezé S//Suezé
—s,cqe 0+ c,sg  Sysqe 0+ e,eq S,

2

c,Cq+ s, 54€

—5s"sy —s"e, C

where s" /¢ = (¢* — §'*)/25'¢. Using the 2012 PDG
values, we obtain

" =0.04135, s, = 0.08489, s; = 0.20983,

with cosd = —5.47 x 1073, and
Jop = sucusqcq(s”)?c’sind = 2.96 x 1077,
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This scheme does not predict any precise value of the
measured parameters, but it does provide an
understanding of why (s”)?, (s,)?, (s4)* are small.

To obtain v; # vy, the Z5 symmetry must be broken:

add p2(®1D; — ®ID,). This changes h”. However, in the

limit of large u3 > 0,

()\1 — )\2 —+ )\3)(?)% — U%
2415

h hSM— ) H07

Note that v; = v implies W’ = hY,,. Without the
(v¥ — v3)/4v* = 0.0207 suppressmn, to > 10 TeV.
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Adding ®3 means the addition of 5 quartic terms
Invariant under Ss, i.e.

(Aa/2)(DLD3)% + A5 (DLD3) (BT D, + BLDBy) + NPl (D1 DT + DD ) D5

+ [N BLD DLDy 4+ N\g®L(D1BID, + DB Dy) + Hoc]

The Ag term may be eliminated by imposing an extra Zs
symmetry under which ®3 and (u,d);, are odd, and all
others even. This Z5 symmetry iIs then allowed to be
broken softly by the term p2®%(®; + ®,).

As a result, for large m% > 0, vz ~ —puf(vy + vg)/m.
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Hence ¢3r mixes with (vi¢1p + vadar)/+/v? + v3 by
v3/+/v? + v2. This means that

If the \g term is present, then 1’ — hY,, ~ (2v3/v) P3R
which means that 1" exchange itself would contribute

too much to K’ — K" mixing.

With the extra Zs symmetry, this problem is alleviated.
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The exchange of h" could induce K — KY mixing, but
its contribution is negligible compared to the direct
exchange of ¢ which has the effective interaction

sgczmdm S

5 9 (CZLSR)(CZRSL).

U3Ti3

Allowing this to be 20% of the experimental

measurement Amyx = 3.483 + 0.006 x 10~ ° GeV,
vams > 6 x 10* GeV? is obtained.

For example, if v3 =10 GeV, then m3 > 6 TeV.
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Experimental Signatures? 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 ®; — ®, is constrained by

B, — B, mixing to be heavier than about 0.7 TeV,
whereas ®5 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 — s are negligible. However, the s — b
sector Is connected to the u — 7 sector:
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m HY+4A
Ly =— |H . +< )7‘}
Y { L \/5 L| MR
m H +3A
| |:H+VML_|_ ( \/§ ),ML} TR—I—H.C.,

This means that the decay b — st u™ (By — 77u")
proceeds through the exchange of H" 4 A with a
possible branching fraction of 1077, but b — s77 ™
(Bs — 7 ) will be suppressed by (m,/m.)?. Given
that B(B, — putu~) ~ 2.8 x 107 has been seen at
LHCDb, our unique prediction is verifiable in the future.
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The Dark Matter and Flavor Connection

The Higgs connection to W, Z bosons is fundamental to
the SM and should not be changed.

Question: What about its other connections? It has
already been conjectured that it connects to neutrinos
only through DM. Why not to (some) quarks and
leptons? Ma, PRL 112, 091801 (2014): Instead of the
Higgs boson coupling directly to fermions, a flavor
symmetry is imposed to forbid certain Yukawa couplings.
This symmetry is then broken softly and the fermion gets
a radiative scotogenic mass in one loop.
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Anomalous Higgs Yukawa Couplings

An immediate consequence of this scenario is a possible
observable deviation of the Higgs Yukawa coupling of
han) which is well-known to be given by m.;/v in the SM
where v = 246 GeV. Fraser/Ma(2014):

In the radiative mechanism for leptons, the doublet
(n*,n") and singlet x™ mix through the term

w(nte® — n¢t)x~, where (¢") = v/v/2. Let the mass
eigenstates be (; = ncosf + xsin#f, and

(o = x cosf — nsinf with masses mq and ms, then

1v/v/?2 = sin 6 cos 0(m? — m32).
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Let 210 = m?,/m3;, the one-loop mass is
, 12/ My

fnfysinfcosmy (CEl Inxz; x91n :132>
m; — .

1672 r1—1  xo—1

The Yukawa coupling of h to Il is now not exactly equal
to m;/v. It has three contributions, through n™n,
xtx~, and n=xF. Let r,, = Ay (mn/1)?, then

1
Jw =1+ =(sin20)*(a F. +a_F_),
my 2

where a; =14 (1 — z2) cos 20(r, — 1),
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a_ = (x; — x2)(ry +1ry), and
F+ — -F(le,ﬂjl) F(SEQ,SIZ‘Q) /2F(£IL’1,£IL’2) — 1,
F_=|F(x1,21) — F(x9,29)|/2F (21, 22), with

1 I I
oy, 29) — (:131 nry I n:vz) |

L1 — I9 581—1 562—1

Take for example 1 = 3 and x5 = 1, then
F(3,1) = 0.324. For m., this yields

fofy/4m = 0.4(my/p) and sin 20 = pv/+/2m3;. Hence
my > 174 GeV for my/u < 1. The effect on (f,v/m;)?
is plotted for various values of (r,,7,).
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The charged scalars (; 2 also contribute to i — 7.
Assuming again x1 = 3 and x5 = 1, and also u/my =1,
I\ /T'sp is plotted against 6.

If we apply the same procedure to the muon, then

(g—2),  my [G(a1) — G(x)
Ao =" = my, {H(ﬂfl) - H(xz)} |

where G(z) = 2zxInx/(x —1)° — (z +1)/(x — 1)?, and
H(x)=xlnxz/(x —1). This is plotted against x5 with
r1 = T9 + 2 for various N .
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Collider Signatures?

"he dark-matter singlet neutral fermions V; 55 carry
flavor and their mixing pattern gets transmitted to the
quarks, leptons, and neutrinos. Since flavor is organized
through them, the production of scalar quarks, then

q — q12N1 2 with No — n/x + u= and n/x — NieT will
result in 2 jets + p& + eT + missing energy at the LHC.

In contrast, in the Minimal Supersymmetric Standard
Model, the neutral gauginos do not carry flavor, so the
decays of squarks to dark matter will mostly result in 2
jets + uTu~ (or eTe”) 4+ missing energy instead.
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Ma/Natale(2015):

Consider the expected 13 TeV run at the LHC. This
signature is observable with S/N > 5 where the SM
background is mainly ¢t production. Applying the cuts:
;] <3, el < 2.4, and |n,| < 2.5, we consider four cut
regions with my, = 400 GeV and m, = 200 GeV:

R2: B > 200 GeV, Hr > 600 GeV, p > 30 GeV, ph > 20 GeV;

R3: Bt > 275 GeV, Hp > 600 GeV, p/. > 30 GeV, p', > 20 GeV;
R5: B > 200 GeV, Hp > 350 GeV, p7. > 30 GeV, ph > 20 GeV;

R6: E7* > 200 GeV, Hr > 350 GeV, p/. > 150 GeV, ph. > 25 GeV.
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Conclusion

Question: What does the one Higgs really tell us?

The answer may be that flavor and dark matter are also
connected and they do so through the one Higgs. This
new notion extends the scotogenic neutrino mass to all
(or most) quark and lepton masses, with flavored dark
matter.

In this framework, the new physics scales responsible for
DM and neutrino mass are the same, say 1 TeV. If so, its
impact is verifiable in the near future at the LHC.
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