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Abstract. The origin of neutrino mass is usually attributed to a sees@wehanism, either through
a heavy Majorana fermion singlet (version 1) or a heavy sddfdet (version 2). Recently, the idea
of using a heavy Majorana fermion triplet (version 3) hasigdisome attention. This is a review of
the basic idea involved, its U(1) gauge extension, and secent developments.
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INTRODUCTION

In the minimal standard model (SM) of quarks and leptonsnthgrinosve , ; are very
different from other fermions because they need only exasthe neutral components
of the electroweak doublets, = (vq,lq). As such, they are massless two-component
spinors and may become massive only if there is new physiaigethe SM. Assuming
only the low-energy particle content of the SM, it was paihdeit long ago [1] that small
Majorana neutrino masses are given by the unique dimerisieperator

f
5= 3R (va"—1ag") (Vg9 ~ 150", (1)
where® = (¢*, ¢°) is the one Higgs scalar doublet of the SM. The neutrino mass ma

trix is thus necessarily seesaw in form, if@BVZ/A, wherev is the vacuum expectation
value of @° which breaks the electroweakJ (2) x U (1) gauge symmetry. It was also
pointed out some years ago [2] that there are three (and brdg}) tree-level realiza-
tions of this operator (Fig. 1), as well as three generic loog-realizations. The most
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FIGURE 1. Three tree-level realizations of seesaw Majorana neutriass.

common thinking regarding the seesaw origin of neutrinosriago assume a heavy
Majorana fermion singlel (version 1), the next most common is to use a heavy scalar
triplet (§7+,&+,&9) (version 2), whereas the third option, i.e. that of a heavydviama



fermion triplet (=*,3°,57) [3] (version 3), has not received as much attention. How-
ever, it may be relevant to a host of other issues in physigermtthe SM and is now
being studied extensively. | will review in this talk a numlaé such topics, including
gauge-coupling unification in the SM, new U(1) gauge symyneaind dark matter.

GAUGE-COUPLING UNIFICATION

It is well-known that gauge-coupling unification occurs fioee minimal supersymmetric
standard model (MSSM) but not the SM. The difference can &eett to the addition
of gauginos and higgsinos, transforming un@e(3)c x J(2). x U(1)y as (8,1,0),
(1,3,0),(1,2,4+1/2), and a second Higgs scalar doublet. In particular, the itmriton
of the 3J(2), gaugino triplet is crucial in allowing th&8J (2)_ andU (1)y gauge cou-
plings to meet at high enough an energy scale to be acceptatdappressing proton
decay. Since is exactly such a fermion triplet, it is not surprising thatuge-coupling
unification in the SM may be achieved using it [4, 5, 6, 7] tbgetwith some other
fields.

To understand how this works, consider the one-loop renleataon-group equations
governing the evolution of the three gauge couplings witlssrecale:
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where a; = g?/4m, and the numberb; are determined by the particle content of the
model betweeivl; andM-. Since

ac(Mu) = aL(Mu) = (5/3)ay(Mu) = ay 3)

Is required for unification, but not the actual numericalueabf ay, only by — b and
b, — bc are important for this purpose. These numbers are listeovwb@&r the SM,
MSSM, and some other models. Focus only on those new partrdhéch transform

TABLE 1. Gauge-coupling unification in the MSSM and other models.

| Model | by—by | b —bc | new fermions | new scalars |
| SM | 7.27 | 3.83 | none | none |
| MSSM | 5.60 | 4.00 |(13,0), (810), (1,21/2)| (1,2,1/2) |
| Ref.[4] | 527 | 3.83 | (1,3,0) | (1,3,0)x 2, (8,1,0)x 4 |
| Ref.[5,6]| 5.60 | 3.00 | (1,3,0), (8,1,0) | (1,30, (81,0) |
| Ref.[7] | 5.87 | 433 | (1,3,0) | (1,2,1/2), (8,1,0%x 2 |

nontrivially underSJ (2). x U (1)y. Let them be at the electroweak scale, then

My  V2rr ( 3 )

lnM—z - (by—bL)GFM\%/ Star? 8y -1

(4)

HenceMy greater than about 10GeV impliesby — by less than about 5.7. In Refs. [5,
6], an intermediate scale of about®1BeV is needed for the color octets.



PHENOMENOLOGY OF (5+,50,5-)

If 2 exists at or below the TeV scale, then it has a rich phenonogydi3, 8, 9, 10]
and may be probed at the Large Hadron Collider (LHC). Unlbeesgetis a Higgs scalar
triplet (s*,s0,s7) [4], the mass splitting betweeR’ and >* is radiative and comes
from electroweak gauge interactions. It is positive and [foge my, it approaches
[11] GEMJ (1 — cosBy)/v/2rm ~ 168 MeV, thus allowing the decay &t to 0mr*
and >%*v. SinceZ also has Yukawa couplings g,l4) and (¢*, ¢°), the decays
>+ — 1*h, 39 — vh are possible, as well a5 — |*Z, vW* andz® — vz, I7WT
through the mixing ofz® with v, and =* with I+, unless they are forbidden by a
symmetry, in which casg® is a dark-matter (DM) candidate [4, 11, 12].

The production ofz is by pairs from quark fusion through the electroweak gauge
bosons with a cross section of the order 1 fbrigr of about 1 TeV, and rising to more
than 1@ fb if my is 300 GeV. Each decay mode Bfhas a huge SM background to
contend with. The best chance of digging out the signal i®tdk lfor charged-lepton
final states. Copying Ref. [10], the prognosis at the LHC fa %0 discovery of the
particles responsible for the three versions of the seesaghanism is shown below. A
dash means no such state. A cross means no such signal.

TABLE 2. Discovery potential at the LHC for seesaw 1,2,3.
| final state| my =100 GeV | m; =300 GeV | ms =300 GeV |

| 6leptons| - | - | X |
| 5leptons | - | - | 28fbt |
IS - | - |  15fbt |
| | - | 19fr | 7fot |
| - | - |  30fbt |
| 1#1#1F | <180fbt | 36fb! | 25ft |
| 1#1* | <180fb! | 174ft | 17f0t |
| X | 15f* | 80fbt |
| | | | |

[+ X X

LEPTOGENESISINVOLVING (£+,59,57)

Jsut as there are three seesaw mechanisms, the decays artégponding heavy
particlesN [13], (§+F,&7,&0) [14], and (Z*,20,57) [12] are natural for generating
a lepton asymmetry of the Universe, which gets convertetlifitd the present observed
baryon asymmetry through sphalerons. Judt asay decay into leptons and antileptons
because it is a Majorana fermion, the same is truefohssuming three such triplets,
successful leptogenesis requires [12] the lightest to leeibe than about 1§ Gev,
similar to that for the lightesN. However, sinc& has electroweak gauge interactions,
the initial conditions for the Boltzmann equations are dataed here through thermal
equilibrium, which may not be as simple fidr



There is another interesting correlation. The additiorhoéé(1, 3,0) fermion triplets
to the SM instead of just one will not lead to gauge-couplindication unless all three
are also roughly at the 10 GeV scale [12]. Whereas other fields are still needed, such
as those transforming undés, 1, 0), this is another argument for preferriagoverN.

NEW U(1) GAUGE SYMMETRY

Consider an extension of the SM to include a fermion tripket, 3%, ) per family as
well as a newJ (1)x gauge symmetry as listed below. Remarkably [16, 17, W8],)x

TABLE 3. Fermion content of proposed model.

| Fermion | U(3)cx V(2L xU(1)y | U(1)x |
(u,d)_ (3,2,1/6) ny
UR (3, 1, 2/3) Ny = (7n1 — 3n4)/4
dr (3,1,-1/3) n3 = (Ny+3ny) /4
(V7e)L (1525_1/2) n47é _3n1
€eRr (1, 1,—1) Ng = (—9”14-5”4)/4
| (Z+7ZO7Z_)R | (17370) | Ng = (3n1+n4)/4 |

is free of all anomalies. For example, one can easily cheak th
63 — 3n3 — 3n5 4 2n3 — N = 3(3n; 4 ng)3/64 = 3n%. (5)

Furthermore, it has been shown [17] that if a fermion mudtigll, 2p+ 1,0;ng) per
family is added to the SM, the only anomaly-free solutiondfgd1)x arep = 0 (N) for
which the well-knowrlJ (1) is obtained, angh = 1 (X) as given above.

The new gauge bosa¥ may be accessible at the LHC. In that case, its decay into
quarks and leptons will determine the parametern,/n;. In particular, the ratios

F(X—tt) 3(65—42r+9r%) T[(X—bb) 3(17+46r+9r?)

(X — upt)  81—90r+41r2° T(X— uj) 81—90r +41r2° ©)

are especially good discriminators [19], as shown in FIi@2@.[

The scalar sector of thid (1)x model consists of two Higgs doubletg = ((pf, (pf)
with charge(9n — n4)/4 which couples to charged leptons, atd = (¢, ¢9) with
charge(3n; — 3ng) /4 which couples taip anddown quarks as well as t&. To break
the U(1)x gauge symmetry spontaneously, a singfetvith charge—2ng is added,
which also allows the&’s to acquire Majorana masses at tél)x breaking scale.
This specific two-Higgs doublet model is different from centional studies where one
doublet couples taip quarks and the other tdown quarks and charged leptons. The
resulting detailed differences are verifiable at the LHC.

In general, there iZ — X mixing in their mass matrix, but it must be very small to
satisfy present precision electroweak measurements. difgiteon for zeroZ — X mass
mixing is v2/v3 = 3(ng — ny)/(9n; — ng), which requires Xk ny/m < 9. Low-energy
precision measurements of SM physics also constrain thiilotions of thisU (1)x.
Let n§+ nﬁ be normalized to one, and ten= ny/ny, then the 95% confidence-level
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FIGURE 2. Plotof[(X — ti)/I (X — pjt) versusl (X — bb) /T (X — pp).

lower bound oMy /gx is shown in Fig. 3 [20], assuming ze®— X mixing so that
there is no constraint coming from measurements atZthiesonance. Thus only the
range 1<r < 9, i.e.mm/4 < @ < 1.46 is actually allowed.
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FIGURE 3. Lower bound orMy /gx versusep.



SCOTOGENIC RADIATIVE NEUTRINO MASS

There are also three generic one-loop radiative mechar@pisr neutrino mass. An
intriguing possibility is that the particles in the loop ahistinguished from those of the
SM by aZ, discrete symmetry. The simplest realization [21] is to adsteond scalar
doublet(n™,n°) [22] as well as three fermion singldis and let them be odd und2s
with all SM particles even. Clearly, may be chosen [7] instead &f and a radiative
seesaw neutrino mass is generated as shown in Fig. 4. Theedliguartic scalar term
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FIGURE 4. One-loop generation of seesaw neutrino mass.

(As/2)(PTn)2+H.c. is necessary for this mechanism to work. It also splits thegiex
scalar fieldn? into two mass eigenstates: RE} and Im@©), resulting in

_ ¢ NaibgMi T mg o g
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wherem — m? = 2Asv? andM; are the> masses. The lighter one of REY) and Im°)
is then a good candidate [23, 24, 25, 26] for dark matter (ONEutrino mass may then
be called scotogenic, i.e. being caused by darkness [27].

>0 ASDARK MATTER

In Ref. [21], the lightesN may also be a DM candidate [28, 29], but then its only
interaction is with(van® — 14N ™) and these couplings have to be rather large to obtain
the requisite DM relic abundance. In that case, flavor-cheghadiative decays such as
U — ey are generically too big and require delicate fine tuning agntbre masses and
couplings ofN to be consistent with data.

If 50 is selected as dark matter, then it can annihilate withfimetl coannihilate
with the slightly heavieEZ® through electroweak gauge interactions to account for the
correct relic abundance. Its Yukawa couplings may then Ipecgguiately small, not to
upset the constraints fropn — ey, etc. Using the method developed in Ref. [30] to take
coannihilation into account, and the various cross sestiones the absolute value of
the relative velocity of the DM particles, namely
ma?
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0 (Z°2)|v| = , O(ZFEH)|V =~ (8)
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My is estimated [7] to be in the range 2.28 to 2.42 TeV to repredihe observed
dataQh? = 0.11+ 0.006 [31] for its relic abundance. Note that the presencE®fs
important for having a large enough effective annihilattooss section for this to work
and that the only free parameter hereris. The validity of 2° as dark matter depends
only onZ, and not on whether it is the source of radiative neutrino mass

o(=tZ )|V ~ 0 (20%%)|v| ~

> ASLEPTON AND N ASBARYON

Assuming neutrino masses come fr@mnan intriguing possibility exists that the heavy
fermion singleN may in fact be a baryon [32, 33, 34, 35, 36]. The crucial ingnatfor
this unconventional identification is the existence of dasrcdjquarkh (3,1,-1/3)
with baryon numbeB = —2/3 so that the Yukawa couplingsih, ucd<h*, and d°Nh
are allowed, thereby makini a baryon(B = 1). SinceN is a gauge singlet, |t is
also allowed a large Majorana mass. Hence addBi&eaks to multiplicative — )38

and the decays of the lightelsit to udd and udd throughh would produce a baryon
asymmetry in the early Universe. Below the mass scalengfbaryon number is again
additively conserved, allowing this puBzasymmetry to be converted into a conserved
B — L asymmetry through the electroweak sphalerons, in analoghg¢ well-known
scenario of leptogenesis [37].

CONCLUSION

Using the fermion triplet=*, 20, 30) as the seesaw anchor for neutrino masses (version
3), many new and interesting possibilities of physics beltie SM exist. It may be the
missing link for gauge-coupling unification in the SM with@oing to the MSSM. As a
result, the phenomenological landscape at the TeV scalehage significantly and be
verifiable at the LHC, wher& itself is much easier to detect than its singlet counterpart
N. There may also be an associated neutral gauge boson,mmmBsg to an anomaly-
freeU (1)x, whose decays into quarks and leptons are predicted as @diuf a single
parameter = ny/n;. FurthermoreX may be the source of scotogenic radiative neutrino
masses and be a dark-matter candidate itself, with a magsd#35 TeV. Other recent
discussions of fermion triplets are found in Refs. [38, 38,411, 42].
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