View metadata, citation and similar papers at core.ac.uk brought to you by X{'CORE

provided by CERN Document Server

UG-FT-231/08,CAFPE-101/08
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W e review the present electroweak precision data constraints on the m ediators of the three
types of seesaw m echanisn s. Except in the seesaw m echanisn of type I, with the heavy
neutrino singlets being m ainly produced through theirm ixing w ith the Standard M odel lep—
tons, LHC willbe able to discover or put lin its on new scalar (seesaw of type II) and lepton
(seesaw of type III) triplets near the TeV . If discovered, it m ay be possible in the sim plest
m odels to m easure the light neutrino m ass and m ixing properties that neutrino oscillation
experin ents are Insensitive to.
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1 Introduction

A s it iswell known, the original seesaw m echanism [ﬂ, nowadays called of type I, explains the
an allness of the light neutrnomasses m j 1 &V invoking a very heavy M ajprana neutrino
My 10 Gev :

v'3 F

. V My ; (1)

LU

where j j 1 is the corresponding Yukawa coupling and v 7 246 G &V the electrow eak vacuum
expectation value. For review s seelzg. A fematively, if the heavy scale is at the LHC reach
My 1 TeV, it requires a very am all heavy{light m &g angle % j 10 °. In its sim plest
form them odel cannot be tested at lJarge colliders, because the heavy neutrino N is a Standard
M odel (SM ) singlet and only oou]%;e_s to SM gauge bosons through its m ixing V. Hence it is
produced through the vertex g= 2 / V4 PLNW ,with ‘ a charged lepton, with a cross
section proportionalto ¥ T, which is strongly suppressed. See Fig.[IHI). T here are two other
types of seesaw m echanism giving tree levelM a prana m asses to the Iight neutrinos ,as shown
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Figure 1: Exam ples of production diagram s for sam e-sign dilepton signals, I’ l(o)+ X ,m ediated by the three types
of see-saw m essengers.
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Figure 2: Seesaw m echanism s of type I, IT and III. v, and are the Yukawa coupling m atrices in the
Lagrangian tem s I~ ﬁNR,l (~ )k and “x (NY%L),respecm'/ely,wjthL = 1{012 and C the
spinor charge conjugation m atrix. W hereas is the coe cient of the scalar potential term ™~ (~ ™~ )Y .

in Fig.[d. In all cases the exu:all@partjcles contribute at low energies to the din ension 5 lepton
num ber (LN ) violating operato

Ve —

Os)y= (e~ YY1 (e (with 1= and =i, ); 2)

’

which gives M ajrana m asses to light neutrinos after spontaneous symm etry breaking. The
seesaw of type IIEl in Fig.[d ism ediated by an SU (2);, scalar triplet of hyperchargeY = 1,

in plying three new com plex scalars of chargesQ = Ts+ Y: *%; *; 0. The secesaw of type
IIT * exchanges an SU (2);, ferm ion triplet of hypercharge Y = 0, assum ed to be M a prana

and containing charged leptons and a M aPprana neutrino Y. Them ain di erence for LHC

detection is that the seesaw m essengers for these last two m echanian s can be produced by
unsuppressed processes of electrow eak size (Fig. [l). T heir decay, even if suppressed by am all
couplings, can take place w ithin the detector due to the largem ass of the new particle. A 1llthree
types of seesaw m essengers produce LN conserving as well as LN violating signals, but the
form er have m uch larger backgrounds. O n the other hand, sam e-sign dilkepton signals, 1 17 X ,
do not have to be necessarily LN violating. Thus, in the exam ple in Fig. [I{ (II), the decay



coupling needs not be very sm all because it is only one of the factors entering in the LN
violating expression for m asses (see Tabk[ll). In fact, this process is LN conserving as we can

Table 1: Coe cients of the operators up to din ension 6 arising from the integration of the heavy elds involred in

each seesaw m odel. The param eters 3 and s are the coe cientsof the scalar potentialterms (¥ )(~¥Y"~ )and

(YT~ )( Y ;1 ), respectively,and ( )45 thediagonalised SM charged-lepton Y ukaw a couplings. T he rem aining
param eters are de ned in the caption of F ig [2.
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conventionally assign LN equalto 2 to . There are other processes that do violate LN , eg.

when one of the doubly-charged in Fig. [A{(II) decays into W W . Then, what does violate
LN is the corresponding W W vertex, which is proportional to the coupling of the only LN
viclating term in the fundam ental Lagrangian “Y(~ 7)Y , with total LN egual to 2. In the
exam ples in Fig.[d{ (I, III) LN is violated in the decay (m ass) of the heavy neutral form ion.

In conclusion, all the three m echanisn s produce sam esign dilepton signals, but only the
last two are observable at LH C UOELOLLELZILS 4 1 inin alm odels. H eavy neutrino singlets in
particular non-m inim al scenarios could also be observed, as described in Section [3.

In the ollow ng we rst review the experim ental constraints on the param eters entering the
three seesaw m echanisn s, and then the LHC reach for the corresponding seesaw m essengers.
C om plem entary review son this sub ect have been presented by other speakers at thisC onference
(see F.Bonnet, T . Ham bye and J. K ersten in these Proceedings).

2  E lectrow eak precision data lim its on see-saw m essengers
The low energy e ects of the see-saw m essengers can be described by the e ective Lagrangian

1
—Lg+ :::; (3)

1
Le = Lg+ —Lsg+ >

where isthecuto scale, n our case of the order of the seesaw m essengerm assesM ,and the
di erent term s contain gauge-invariant operators of the corresponding din ension. T he non—zero
term s up to dim ension 6 areld

Ly=Lgw + 4 7 ; (4)
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w here we choose the basis of Buchm uller and W yler to express the resultlo, L stands for any
lepton doublet, ey for any lepton singlet, and is the SM H iggs doublet. In Table[dl we collect
the explicit expressions of the coe cients in term s of the origihal param eters for each type of
seesaw (see Fig.[2d and the table caption for de nitions).

Only the din ension 6 operators can give deviations from the SM predictions for the elec—
trow eak precision data (EW PD ). The operators of dim ension 4 only rede ne SM param eters.
T he one ofdim ension 5 gives tiny m asses to the light neutrinos, and contributes to neutrinoless
double decay. An in portant di erence is that the coe cient 5 involves LN <violating prod—
uctsof wo ’'sorof and ,whilke the other coe cients depend on or j ¥. Therefore,
it is possible to have large cancellations in 5 together w ith sizeable coe cients of din ension

six L4k Type Iand III ferm ions generate the operators O (11;3) ,which correct the gauge ferm ion

couplings. T ype IT scalars, on the other hand, generate 4-lepton operators and the operator O <) ,
w hich breakscustodial sym m etry and m odi es the SM relation between the gauge boson m asses.
EW PD are sensitive to all these e ects and put lin its on the seesaw param eters.

There are two classes of processes, depending on whether they involve neutral currents
violating lepton avour (LF) or not. The st class putsm ore stringent lim its L7E18 , but only
on the com binations of coe cients entering o diagonalelem ents. T he second class ism easured
mainl at LEP 19 and constrains the com binations in the diagonal entries?). The LF violating
lin its are satis ed In types T and IIT if N and mainly mix with only one charged lepton
fam ily. Tnh Tablk[d we collect the bounds from EW PD on the N and m ixings w ith the SM
leptons Vay 20 ,and in Table[d their product including the LF violating boundsi /18 These

Table 2: Upper Im it at 90 $ con dence level (CL) on the absolute value of them ixings. The rst three colum ns

are obtained by coupling each new lepton w ith only one SM fam ily. T he last one corresponds to the case of lepton

universality : three new lepton multiplets m ixing with only one charged—lepton fam ily each, all of them with the
sam e m ixing angle. A 1l num bers are com puted assum ing M g 1144 Gev.

C oupling Only with e Only with Only with Universal
Y
Vo = Eéﬁq& < 0055 0057 0079 0:038
N
y
V., = %1&5% < 0019 0017 0027 0016

values update and extend previous bounds on diagonal entries for N 2Lk22 (see also 23 .) Their
dependence on them odelparam eters entering in the operator coe cients in Table [ is explicit in
the rstcolumn of Table[d. A 1l1low energy e ects are proportional to thism ixing, and the sam e
holds for the gauge and H iggs couplings betw een the new and the SM Ileptons, responsible of the
heavy lepton decay (and N production if there is no extra NP ). An interesting by-product of a
non-negligble m ixing of the electron orm uon w ith a heavy N isthatthe tto EW PD prefersa
HiggsmassM y higher than in the SM , in better agreem ent w ith the present direct lim it. T his
is so because their contributions to the m ost signi cative observables partially cancelé4 , S0 that



Table 3: Upper lin it at 90 $ CL on the absolute value of the products of the m ixings between heavy singlets N
and triplets with the SM leptons,VV ,entering in low energy processes. R ow and colum n ordering corresponds

toe; ;
Vo Vi 3< Ve Vi J<
0.0030 0.0001 0.01 0.0004 131 10 ® 0.005
0.0001 0.0032 0.01 11 10 ° 0.0003 0.0005
0.01 0.01 0.0062 0.0005 0.0005 0.0007

both them xing and M y can be relatively large w ithout spoiling the agreem ent w ith EW PD .
Thenew 90% CL onM g increases in thjscase20 upto 260GevV (Seea]s025;26). In allother
cases the lim it staysat 165G&V.

In type II seesaw a crucial phenom enological issue is the relative size of ()i and for
71\; > )3 , which
gives the strength of the LN violation. If is small enough, ( )i can be relatively large
and saturate present 1im its on LF violating processes, eventually show ing at the next generation
of experin ents. If instead ( )i are very anall, the avour structure appears only in the
mass matrix. The present lim its are reviewed in 15, Neglecting LF violating bounds (ie.,
assum Ing that (  )ee is an all enough not to give a too large ! eee decay rate), and
are constrained by the T oblique param eter and fourferm ion processes, respectively. From a
global tto EW PD (see 20 for details on the data set used) we obtain the follow ing lim its at 90

% CL:

M 1 Tev.The masses are proportional to their product, (m )i; = 2v?

J 3

=< opd8Tev 1; LI < oa00Tev 1: (7)
M

3 D ilepton signals of see-saw m essengers

T he previous lin its apply to any particle transform ing as the corresponding see-saw m essenger,
Independently of whether it contributes or not to light neutrino m asses. A s Indicated above, In
m inin alm odels the tight restriction in posed by masses (Eq. [l) gives m uch m ore stringent
lin its for the m ixings of TeV scale seesaw m essengers. H owever, these lin its can be avoided
if additional particles give add itional contributions to neutrino m asses that cancel the previous
ones, for instance if the ferm ionic m essengers are quasiD irac, ie. a nearly degenerate M a prana
pair w ith appropriate coup]jng327 . The EW PD Im its are in this case relevant for production
and detection of type Im essengersN , but the signals are di erent because they conserve LN to
a very large extent 1428 01 the other hand, type IT and IITm essengers w ith m asses near the
TeV can be produced and detected at LHC even In m Inim alm odels. Let us discuss the three
types of seesaw m echanisn in tum.

3.1 Type I: Fem ion singkts N

A's already explained, a type I heavy neutrino N with a m ixing saturating the EW PD lin it
cannot be M aprana, unlss extra elds with a very precise ne tuning keep the masses
an all enough 29 Unnatural cancellations allow ing for LN «iolating signals are also possible
in principle. In this case a fast sin ulation show s that LHC can discover a M a prana neutrino
singletwithM  / 150G &V fory y j 0:054 (near the EW PD 1im jj:)8,assum Ing an Integrated
lum inosity L= 30 £fb .



Such a signal can be also observed for much sn aller m ixings and larger m asses if there is
som e extra Np=U , especially if the extra particles can be copiously produced at LHC 3l Thisis
the case, for Instance, if the gauge group is leftxight sym m etric and the new W 13 hasa few TeV

mass. Thenpp ! W.o ! ‘N ! ““% iscbservable, even w ith negligble m ixing V4 , for M y
and M w0 up to 23 TeV and 3.5 Te\/,respectively,BZ for an integrated um nosity L= 30 fb .
Sin ilarly, if the SM is extended w ith a leptophobic 7, the processpp ! z2°%! NN ! ““W w

can probeZOmasse533 up to 25 TeV ,and M y up to 800 GeV.

3.2 Type II: Scalr tripkts

SU (2), scalar triplets can be produced through the exchange of electrow eak gauge bosons w ith
SM couplings, and then they m ay be observable for m asses near the TeV scale (see for review s
3131 ). A Ithough suppressed, their decays can occur w ithin the detector for these large m asses.
In Fig.[IHII) we display one of the possble processes. T he search strategy and LHC potential
depend on the dom inant decay m odes. T hese are proportional to the vacuum expectation

valie < %> § v ,as for exam pk-? ' W W ,orto ( )ij,as11 o110
can also decay into W if kinem atically allowed (see 10). A1l these di erent decay

channels m ake the phenom enological analysis of single and pair production quite rich 12,

The EW PD lim it in Eq. [] transhtes into the bound v = £33 < 2 GeV. This is to be

oM 2

com pared with m j= 2p§v i 3 10 ° Gev,which gives a m uch m ore stringent constraint
for nonnegligble . D ilepton (diboson) decays are dom nant forv < (> ) v°© 10 4 Gev.If
for instance is of the sam e size as the charged lepton Yukawa couplings 10 2 5 10 °,v
variesfrom 5 10 1010 * GeV ,below thecriticalvaluiev® ,and decaysm ainly into Jeptons.
In this case the LHC reach forM hasbeen estin ated, based on statistics, tobe 1 Te&V for
an integrated um inosity L= 300 fb '. In Fig.@ we plot the nvariant m ass distrlbution m .. of
sam esign dilepton pairs containing the lepton of largest transverse m om entum forM = 600
G eV .A sthisfast sin ulation analysis show s, the SM background isw ell separated from the signal,
and the LHC discovey potential strongly depends on the light neutrino m ass hierarchy. For the
sinulated sam ple we nd 4 (44) signal events for the nom al m ass hierarchy NH (inverted
H ), well separated from them ain backgrounds: tmj (1007 events), ZHdm j (91 events), tii (68
events), and Z tmj (51 events). W e get rid of other possible backgrounds lke 7 Z nj requiring
no opposite-sign dilepton pairs w ith an invariantm ass in the rangeM ; 5 G €&V . For larger v
values, w ith dom inant non-leptonic decays, the corresponding reach estin ate based on statistics
is 600 GeV . Note that only in the lptonic case LHC is sensitive to the seesaw avour
structure. Near the critical value, one could In principle extract inform ation on the structure
and on the global scale of the see-saw .

Tevatron C ollaborations have already established lin its on the scalar triplet m ass assum ing
that ' 11 100% ofthetime:Atthe95% CL M > 150 G eV for only decaying
to muons=?, and an integrated lum inosity L= 1:1 £b 1.

3.3 Type III: Ferm ion triplts

N ot so m uch attention hasbeen payed to the study ofthe LHC reach for SU (2);, ferm ion triplets

. Up to very recently a sin ilar electrow eak process, the production of a heavy vector-like lepton
doublet32 ,had to be usad to guess that LHC could be sensitive to M 500 G &V .A dedicated
study 13 estin ates that an integrated lum fnosity L = 10 £fb ! should allow to cbserve LN
violating signals (see Fig.[IHIII) for a relevant process) forM < 800 G &V . Vector-like ferm ion
triplets couple to SM  leptons proportionally to its m ixing V; , which is 10 © according to
Eq.[if isattheLHC reach 1 Te&V.So,one can eventually in prove the analysis using the
displaced vertex signatures of their decays.
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Figure 3: Sam e-sign dilepton invariantm ass distribbutions forM = 600 G &V and nom al (NH ) and inverted (IH )

m ass hierarchies, assum ing an integrated lum inosity L = 300 £b *.

4 Conclusions

Sam e-sign dilepton signals 1 1(°) X willallow to set signi cative lim its on see-saw m essengers
at LHC ,as illustrated in Table[d. The estinm ates forM andM arem ainly based on statistics,

Table 4: LHC discovery lm it estin ates for see-saw m essengers, assum ing an integrated lum inosity L =
30;300 and 10 fb ! orN ; and , respectively. See Section[3 for a detailed explanation.

M y M M

LHC reach (nGev) | 150 | 600 1000 | 800

and a m ore detailed analysis is needed to con m them .
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