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Plan of Talk

A brief review of the electroweak scale non-sterile right-
handed neutrino model: what it is and what it does.

Pati-Salam extension of the model = Emergence of sterile
neutrinos, some of which can have keV masses.

Constraints on various symmetry breaking scales from sin? O (Mz).

Proton decay from color Higgs exchange.



e Extra heavy W's and Z's (< TeV') and suggestive connection
with the scale governing proton decay.

e Conclusions



A Model of Electroweak scale vp's

(hep-ph /0612004, P.L.B649, 275 (2007))

e SM with Mirror Fermions.

e Mirror Fermions cannot be much heavier than the electroweak
scale.

e vp's : Mirror neutral leptons = Not sterile = Can have a
“low” mass of O(Agw ).



Strong Constraints from the Z width and the successful relation
Myy = Mz cosOy (p=1).

SM with Mirror Fermions

e Gauge group: SU(2);, ® U(1)y. (Actually the subscript L
refers to the fact that left-handed SM fermions couple to
the W's.)

e Leptonic content:

M
— SU(2);, doublets: SM: [ = ( VL ) . Mirror: l% = ( Vﬁ% >

(In fact the SM SU(2), could be called SU(2);, — SU(2)y )



e% # ep because neutral current experiments force ep to
be an SU(2); singlet.

— SU(2)y, singlets: SM: ep ; Mirror: e¥

e Quark content:
— SU(2); doublets: SM: qr = [ “L | : Mirror: ¢ = u%
— SU(2), singlets: SM: ug, dg ; Mirror: u! a¥

Mass terms for neutrinos: (other charged fermions receive masses
by coupling to the SM Higgs doublet.)



e Lepton-number conserving Dirac mass :

Bilinears DLV% can come from SU(2); singlet or triplet;
eret! (not relevant for neutrinos): SU(2),, singlet.

= Simplest possibility: Coupling to a singlet Higgs field
—_ / _
Ls=gglrosly +9gerdsel’ + He

(bs) = vs

= Neutrino Dirac mass mp = ggqivg = Unrelated to the
electroweak scale.

e Lepton-number violating Majorana mass:

Relevant bilinear i3 ool¥: SU(2); singlet or triplet.



Singlet Higgs field with VEV would break charge conservation
= QOut!

Only option: an SU(2)y, triplet Higgs x = (3,Y/2 =1).
1+ A+t
V2 x° —xT
M,T ~
— ﬁM:ngR’ O‘QTQXZ%
(x%) = vy; breaks SU(2)!

= Right-handed neutrino Majorana mass Mp = gy vy

e Seesaw: Mp ; —m%/Mpg



A U(1),;; global symmetry is imposed to avoid a Majorana
mass term for the L-H neutrinos at the lowest order. Other
options are possible. The Pati-Salam extension of the model
(next) = No need for the global U(1),,!

SM with SU(2); Higgs doublets = The successful relation
Myy = My cosOy, (p = 1). Additional triplets = p#1
unless vy < Agy . Trouble!! Why? BECAUSE the Z-width

constraint requires Mp > M,/2 since vgr's couple to the Z
boson.

Elegant solution (Chanowitz and Golden, Georgi and Machacek):

p ~ 1 is a manifestation of an approximate custodial global SU(2)
symmetry of the Higgs potential. (Recall: In the SM with Higgs



doublets, the W mass term is M3 W, W# with M2, = %g°%v?,
reflecting that custodial symmetry.) How do we obtain p=17

Add £ = (3,Y/2 = 0) which can be grouped with x = (3,Y/2 =
1) to form

X0 &t Tt
x=| x & x*
X & X%
= Global SU(2);,®SU(2)r symmetry of the Higgs potential with:

x = (3,3) and & = ( jﬁf ;g@ ) = (2,2)



(Vi 0 0
x)=1 0 wy O

O O UM
and

= 2)

SU2);@SUR)p — SU(2) = My, = gv/2and M, = My / COs Oy,
where v = \/,U% -+ 8v]2\/[.

— p=1' even if ’UMN/\EW I



(The potential is such that the U(1);;, symmetry is broken ex-
plicitely so that there are no NG bosons.)

e How low can Mp be?

Answer: M, /2 from the constraint of the Z width.

— Mz/Q < MR < /\EW

® mp Or Us?

my < 1eV + Mp ~ O(Agw) = mp ~ 102eV = vg~ 10°eV
if go; ~ O(1) or e.g. vg ~ 108eV if gg; ~ 1073



e Some kind of “see-saw’” among the charged leptons and their
mirror counterparts as well as in the quark sector. However,
the mass eigenvalues are, e.g. the charged leptons:

my :ml_mM—m ~ mj
l l
_ m2
pu— _—— Y
M= T M ™ =y UM

because mp K m;p — mp = Practically impossible to detect
SM and mirror mixing among the charged sectors.

Two important questions:

e Looking at the SU(2); singlets: Mistmatch between quarks



and leptons!. More quarks than leptons. How can one com-
plete the assignment?

e Why does one need to impose the global U(1),, to prevent
a Majorana mass term for the left-handed neutrinos?

Natural answers found in quark-lepton unification a la Pati-Salam
= Emergence of sterile neutrinos, new heavy W'’s and Z's, etc...



Quark-lepton unification a la Pati-Salam and consequences

p.q.h, arXiv: [hep-ph]
Pati-Salam: quarks and leptons grouped into a quartet of SU(4) pg.
Model: SU(4)ps® SU(2) ® SU(2)pr® SU(2), ® SU(2)}; (sim-
ilar to the group considered by Hung, Buras, Bjorken (82) and
Buras and Hung (2003): Petite Unification)

with

SU(4)pS — SU(3)C X U(l)s



SU(2); ® SU(2)p — SU(2)v
SU(2); @ SU(2)p,@U(1)s — U1y
Q=Tsy + %

I3y =131, +13R

Y =Thy + Thp+ /3715

Fermion representations:

quz((Zf),(2)):(4,2,1,1,1)



wM — ( ’“Aﬁj , ”%,4 )=(4,1,2,1,1)
h dp ) ; '

wR=(<Z§>',<NR>')=(4,1,1,1,2)

M
M _ f u Ny, _
wL T (dlﬁj//>7<eLM>)_<471717271)
7 7

Emergence of sterile (SU(2)y singlet) neutrinos of both helici-
ties: Ny and Npll



Generalized “see-saw” involving Ny and Np

e Dirac mass terms involve

WU, xWp=(14+15,2,1,1,2),
UM x wM = (1415,1,2,2,1),
W WM = (1+4+15,2,2,1,1)
L R — )y Sy Sy ’

Upx WM =(1415,1,1,2,2)

Higgs fields:



CDS: (172717172)1 CDA: (15,2,1,1,2),
oM =(1,1,2,2,1); &M = (15,1,2,2,1),
Pg=(1,2,2,1,1),

=(1,1,1,2,2) .

e Majorana mass terms involve

Wil oo WM = (4x4=6+10,1,143,1,1)
VEhooWp=(4x4=6+10,1,1,1,1+ 3)

Higgs fields



$P1g=(10=14+3+6,1,3,1,1)

Pioy=(10=1+4+3+6,1,1,1,3)

e VEV'S:

(62 ) = vui (63 ) = v




2=(3 2)

oY
0= %)

e (GGeneralized see-saw:

( 0 mp 0 mVLNR \
mp MR mV%NL 0
M4 - O m._ v 0 mN
vp N, D
K My Ng 0 mp Mg )

e One numerical example (there are several) with e.g. Mp =
100 GeV':



0 10°° 0 1078

M, _ | 1076 1 10~° 0

Mp — 0 108 0 1.8.10~4
K 1008 0 1.8.107% 1 )

m1 ~ —Ol GV

i)~ —vp+107°%vM +56 x 107> N, — 5.6 x 1071 Ny
mo ~ 100 GeV

Uy~ 107 %vp +vM + 1078 Ny — 2 x 10712 Ng

mg1 ~ —3.24 keV

Ug1 ~ 5.6 x 107°v; +1078vH — N1 1.8 x 1074 Ny



mgo =~ 100 GeV

Do ~ 107 8vy + 0vM + 1.8 x 107* N + Ny

e One can find examples where N; and Np have masses of
order O(keV)'s and O(MeV)’s respectively.



Constraint from sin? 6y, (M)

Y M
¢ a M e, LR sU3). ® SUR)y @ U(L)y
G=SU(4)ps®SU2)L®SU(2)r® SU(2)} ® SU(2),
G1=85U(3)c®SU(2)L®SUR)g®SU();, @ SU(2),U(1)g

G =S5U(3)e®@SUR),®SUR)p®U(1)y

e \\e require



0.2308 < sin? 6y, (M2) < 0.2314

e Basic formulae:

. D7 2 N\ — .: 2730 > &(M7p) ~ 22
sin“Oy (M7 p) = sin“Oy,{1 — CSOéS(MLé;) — 8ra(Mip)

M / M
[K In(MLR)—I—K In(ﬁ)]}
. 270 __ 1
SN QW—g
— 2

K'=C%(b—b3)



2 sin? Gy (M2 ,)

(02
1+4sin? Oy (M2 ) = sin“ 0w (Mz) .

e From sin?@y (M?,) =

o For Jf2 =5-10= N ~ 107 — 108GeV and M ~ 1015 — 1017 GeV .

o Mrpr: “mass’ of the heavy W's and Z.

M: quark-lepton unification mass.



Implications

e Electroweak scale non-sterile right-handed neutrinos can be
produced and detected (through e.g. like-sign dilepton events)
at the LHC.

e A Pati-Salam extension of the electroweak scale non-sterile
vr model completes the particle assignment = Introduction
of the sterile Ny and Ng.

keV Njyp: Warm dark matter? Molecular hydrogen and early
star formation? Pulsar Kicks??



What about the heavier Np?

e W's and Z's (orthogonal states of SM W'’s and Z) “light”
enough to be detected at the LHC? Its mass is correlated
to the PS mass M. Through the color-non-singlet scalars,
proton decay can occur and is governed in parts by M.



Backup slide:

Phenomenology of Electroweak Scale vp's

Majorana neutrinos with electroweak scale masses
= lepton-number violating processes at electroweak scale energies .

One can produce vg's and observe their decays at colliders (Teva-
tron(?), LHC,ILC...) = Characteristic signatures: like-sign dilepton
events (first examined in the context of L-R models by Keung
and Senjanovic). = A high-energy equivalent of neutrinoless
double beta decay. That could be the smoking gun for Majo-
rana neutrinos!



e Production of vr's (Tevatron, LHC, ILC):

q+q/et +e - Z—vp+up

and e.g.

u—l—cf—>W+—>1/R—|—l%’+

e Decays:
— vp'sare Majorana and can have transitions vp — I+ + W= .

— A heavier vy can decay into a lighter 1% and

¥ q+q/et+e = Zovptrg—Ip T HIET+WELWE



— T+ +WE+W* + ¢g+ 5, where ¢g would be
Missing energy.

— I+ W+ ¢+ s

Interesting like-sign dilepton events! One can look for
like-sign dimuons for example.

Careful with background! For example one of such back-
gound could be a production of WEWETWFWF with 2
like-sign W's decaying into a charged lepton plus a neu-
trino (“missing energy"), O(a%v) in amplitude.

In addition, depending on the lifetime of the mirror lep-
tons, the SM leptons appear at a displaced vertex . De-



tailed phenomenological analyses are in preparation: SM
background, event reconstructions, etc...



