PHYSICAL REVIEW D, VOLUME 58, 095005

Phenomenology of theB-3L , gauge boson

Ernest Ma
Department of Physics, University of California, Riverside, California 92521

D. P. Roy
Tata Institute of Fundamental Research, Mumbai 400 005, India
(Received 2 June 1998; published 22 September )1998

Assuming the existence of a gauge bosowhich couples tdB-3L ., we discuss the present experimental
constraints orgy andmy from Z— 171~ andZ-»ﬁX(fz g,v,,7). We also discuss the discovery potential of
X at hadron colliders through its decay intd 7~ pairs. In the scenario where all three charged leptans
their neutrinog mix, lepton flavor nonconservation throughbecomes possible and provides another experi-
mental probe into this hypothes{$0556-282198)07319-9

PACS numbds): 12.60.Cn, 12.60.Fr, 14.70.Hp, 14.70.Pw

[. INTRODUCTION colliders and the prospect for its detection at the Tevatron
and at the LHQLarge Hadron Collider In Sec. V we study
In the minimal standard model of quarks and leptons, neuhow v, and v, may acquire radiative masses and mix with
trinos (ve, v,, v,) appear only as members of left-handed v~ which has a tree-level seesaw mass. We present two sce-
doublets and there is a single Higgs scalar doublet. Hencearios, one with lepton-flavor-changing couplings ¥oand
neutrinos are massless and each |epton nun“hﬁrl(#, LT) Qne W|th0ut. In Sec. VI we d|SCUSS. the pOSSIbJG mar“fes.ta'
is separately conserved at the classical level as is barydiPns of lepton flavor nonconservation in the first scenario.
number @). However, only the linear combination We_ als_o explain how the one-l_oop_quark flavo_r nonconser-
B-Le-L,-L, remains conserved at the quantum lef) vation is naturally suppressed in this model. Finally in Sec.

whereas the correspondingl) is still anomalous and can- Vil we have some concluding remarks.
not be gauged. Actually, one of the three lepton number
differences [¢-L,, Le-L,, L,-L,) is anomaly-free and Il. STRUCTURE OF THE B-3L, GAUGE MODEL

could be gauged2]. On the other hand, this particular ex- . %
tension of the standard model would not shed much light on, lj:(cir;ild(xhet?ee thgealé?frag(rlc))urpefesrg te?tﬁgéi)éL Us(;r)r:

the question of neutrino mass. After all, there is now a hOSFnetry. The quarks and leptons transform thus as follows:
of experimental evidence for neutrino oscillations and that

can be explained most naturally if neutrinos have masses and _
mix with one another. The canonical way of doing this is to ( '
add three right-handed neutrino singlets with large Majorana

masses so thate, v,, and v, all obtain small seesaw
masses. Such an extension of the standard model aBolvs dir~(3,1,-1/3;1/3;
to be gauged3]. (Since the three lepton families now mix, it

makes sense to consider only one lepton number, lie., (

)~(3,2,1/6;1/3, ur~(3,1,2/3;1/3,
i

@

=LetL,+L,.) Ve

14
) ( ") ~(1,2-1/2;0), er,ur~(1,1-1;0);

Suppose we add onlgne right-handed neutrino singlet e/ VM)
and pair it with v.. Then the symmetnB—3L . can be (2
gauged[4]. Just asB-L may originate[5] from SU(4)
XSU(2) XSU(2)z, the breaking of SU(10ySU(2). v,
XU(1)ys to the standard gauge group by way of SU(9) ( 7_) ~(1,2-1/2;-3), 7r~(1,1-1;-3),
leads naturally4] to B-3L . This recent discovery opens up L 3)
a possible rich phenomenology associated with BR8L ,
gauge boson which we call. The key observation is that v.r~(1,1,0,-3).
is not constrained by present experimental data to be very
heavy because it does not couple to leptons of the first anth the above, only one right-handed neutrino singlet, i.e.,
second families. v,r, has been added to the minimal standard model. Since

In Sec. Il we describe thB-3L . model and show how all the number of SU(2) doublets remains evefit is in fact
anomalies are canceled. In Sec. lll we determine the presennhchangey the global SW2) chiral gauge anomaly6] is
experimental constraints on the mass and couplingKof absent. Since the quarks and leptons are chosen to transform
They come chiefly from the nonobservationXfin the de-  vectorially under the new U(%), the mixed gravitational-
cay of Z and the agreement with- u- 7 universality inZ gauge anomaly7] is also absent. The various axial-vector
decays. In Sec. IV we consider the productiorXadt hadron ~ anomalieg8] are canceled as well. TH&U(3)]?U(1)y and
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[U(1)x]® anomalies are automatically zero because of thdhis applies of course only tony<Mz. The second is
vectorial nature of SU(3) and U(%) The remaining condi- through its radiative contribution td— (7*7~,v,v,) which

tons are satisfied as follows: breakse- -7 universality.
[SU2)T2U(L)x: (3)(3)(1/3)+(—3)=0; 4) Bgcause of trleB_-BLTgauge symmetry, thg branching
fractions ofX to 7" 7~ andv v, are very substantial. Assum-
[U(1)x]?U(D)y: (3)(3)(1/3)7[2(1/6) ing thatv, and thet quark are too heavy to be decay prod-

ucts ofX, and using the parton model as a crude approxima-

—(213)—(—1/3)] tion, the branching fractions of are

+(=3)7[2(- 12— (-1)]=0; ©)

B(X— 7" 77 )=54/91=0.59, (10
[U(L)y]?U(D)x: (3)(3)[2(1/6)%—(2/3)* —
B(X—v,v,)=27/91=0.30, (11
—(—1/3?](1/13)
The minimal scalar content of this model consists of just ConsiderZ—ffX, where f=r,v,,q. In the center-of-
the usual doublet momentum frame, |eE; andE, be the energies df andf,
o and 0 the angle between their directions. Then the square of
( 0) ~(1,2,1/2;0 (7)  the amplitude averaged over the polarization&ad$ easily
¢ calculated to be
and a neutral singlet 2, 42
— gLt or
2_(p_ 2,2
which couples tav gv.z. As the former acquires a nonzero
vacuum expectation value, the electroweak gauge symmetry X (14 cosb) (M,—2E;)
SU(2). X U(1), breaks down to U(19,, whereag x°)#0 £ omt
breaks U(1y. Thde reSL_:ting theo(;;(;_allol\/vszL to obtgin a . 1 }Jr 4(1—cosb)
seesaw mass and retaiBsas an additively conserved quan- — 2 — —
tum number and. . as a multiplicatively conserved quantum (Mz=2E2)%] * (Mz=2E1)(Mz~2E,)
number. The two other neutrinos, i.e, andv,, are mass- E,+E, E.Ex(1—cosh)
less in this minimal scenario and cannot mix with In fact, - M, M2 ) (13
z

Le andL , are still separately conserved, angtL , can still
be gauged at this point. To obtain a phenomenologically inyhere
teresting neutrino sector, i.e., to accommodate present

neutrino-oscillation data, we will consider later two sce- gL =(g/cosby) (I3 —sir6uQ)
narios for extending the scalar sector to allowandv,, to

. o o n
acquire radiative masses and to mix with. and

gr=(g/cosby) (—SirfoyQ)

Since theB-3L , gauge bosoX does not couple te or u are the standard_—mod_el coupllngsfo&_ndf_to Z. .
or their corresponding neutrinos, there is no direct phenom- Of the 9 possible final-state combmaﬂonsbﬁecaymg_
enological constraint from the best known high-energy physlmo X, two are very amenable to experimental detection: i.e.,
ics experiments, such as e~ annihilation, deep-inelastic
scattering ofe or u or v, on nuclei, or the observation of
e"e” or utu~ pairs in hadronic collisions. AlthougX
does contribute to purely hadronic interactions, its presence
is effectively masked by the enormous background due t®oth result in 2 jets plus missing energy. This channel has
guantum chromodynami¢®QCD). However, unlike the case been widely investigated for the Higgs-boson search at
of a gauge boson coupled only to baryon nuni®drX also  LEP-I. The decay procesd4) resembles the Higgs signal
couples toL .. HenceX may decay intor* 7~ or v,», and  for its invisible decay into majorong 0,11, while Eq.(15)
be detected that way if it is produced. resembles the signal for its Standard modgldecay. The

The mass and Coup”ng of are constrained by present total ALEPH data from LEP-I, Corresponding to 4.5 million
experimental datafrom the CERN,e"e” collider LEP, hadronicZ events, show no events in the 2 jets plus missing
mainly) in two important ways. The first is direct production €nergy channel after the selection c{t®]. We have ana-

IIl. CONSTRAINTS ON X FROM Z DECAY

Z—qq+X, then X—v.v,, (14)

Z—v,v,+X, then X—qq. (15)

throughZ decay: lyzed these data in terms of the decay procegtds (15)
- . . . using a parton level Monte Carlo program. The program was
Z—(qq, 7 7 ,v,v,)+ X, then X—(qq,7" 77 ,v,v,). earlier shown to reproduce the efficiencies of these selection

(99 cuts very well in the context of the SM Higgs sigridl0];
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1

ronic Z events is estimated to be 2—3 events, which can be

‘Z-'decay‘ —_— . .. . ..
"Universality’ ------- subtracted out. Assuming a similar detection efficiency for
09 T the signal proceskl8), one expects to get at least as good a
08 - | limit on gy from this channel as from Eqg§l4), (15).
The second constraint ag, andmy comes from the ob-
07 | 4 served universality oZ—1*1~ decays. Since the one-loop
radiative correction of th&7" 7~ vertex has an extra contri-
06 § bution from X, a small deviation frone- u- 7 universality is
o expected. From the precision measuremgify at the Z
o 05T i resonance, i.e.,
04 r 1 [',=83.94-0.14 MeV, I',=83.84-0.20 MeV,
e 1
03 r I 1 I,=83.68-0.24 MeV, 19
ozr g i and adding 0.19 MeV td’, to adjust for the kinematical
o1 | _ correction due tan,, we find the deviation of’, from the
average of’¢ andI", to be bounded at 95% C.L. as follows:

1(2(;) v 150 200 AT /T ,<0.006. (20)
my (4
Let 5=m%/M2, then the one-loop radiative correctionZo

FIG. 1. The 95% C.L. upper limits on the coupling of tie — "7 from X exchange is given bjg]

boson as functions of its mass coming fra@rdecay and universal-
ity constraint using LEP-I data. AT, 995(
F_: FFz( 9), (21
and it is expected to work equally well here. In the absence 4 m
qf any cand?date events, the 95% C.confidence-level ~ where it is well-known that
limit on the signal corresponds to 3 events after the selection

cuts. The resulting upper limit ogy is shown as a function 7 3 S
of my in Fig. 1. One gets a stringent limit agy (<0.1) for Fa(8)=—2) g+ o+| o+ 5/Ino+(1+ 8)* Uz(m
my<<50 GeV, where the signal has a reasonable efficiency
of ~40%. But it deteriorates rapidly fomy=70 GeV, 1,09 w2
where the efficiency for the dominant proceds$) goes +35In (1?6 _KH (22
down due to a low missing energy.
Three other final states are also important: i.e., In the above, Li(x) = — [5(dt/t)In(1—t) is the Spence func-
— tion. Using the experimental bound of EQO) we show in
Z—r"7r +X, thenX—wvv,, (16)  Fig. 1 the upper limit(dashed ling on gy as a function of
o my . Since the functior, decreases only slowly a8 in-
Z—v,w,+X, then X—7"77, (170  creases, we find that the upper limit gg increases from
0.22 atmy=M to only 0.32 atmy=2M.
Z—1tTr +X, then X—7t7. (18) Assumingg,=0.35 to represent the typical size of a U(1)

gauge coupling, we see that the universality limitggfis a
The first two have twor's plus missing energy in the final fairly significant result. However it does not rule out any
state, for which the combined decay rate is about 5 times asinge ofmy. On the other hand, th&-decay limit seems to
large as that of Eq$14), (15). Unfortunately the bulk of the disfavor my=40 GeV, since the corresponding limit on
LEP-I data in this channel have not been processed, sinag (=<0.05) is an order of magnitude smaller thgn. For
H— 77 is not an important decay channel for the Higgs massompleteness we mention that the invisible width of the
range of current interest. The only useful data we could fincputs a constraint oAI", /", <0.015 which is weaker than
come from an early Higgs search program of ALEPH, cor-the bound of Eq(20). T
responding to<0.2 million hadronicZ events[13]. The ef-

ficiency factor for this channel is slightly less than that for |\, propUCTION AND DETECTION OF X AT HADRON

Egs.(14), (15). Nonetheless one expects a factor-a2 im- COLLIDERS: PRESENT CONSTRAINT
provement in thegy limit if the full ALEPH data in this AND EUTURE PROSPECT

channel are analyzed. The last procél® corresponds to a

47 channel and has twice as large a decay rate as(Eds. The large branching fraction of thé— 77 decay can be

(15). The detection efficiency for this channel has been estiexploited to search foX in the 7= channel at hadron collid-
mated to be about 30% for the SM background, where thers. We shall consider the leptonic decay of enand had-
extra pair ofr’s come from a virtualy/Z [14]. The size of ronic decay of the other, resulting inl afinal state. Recently
this background for the total data sample of 4.5 million had-the Collider Detector at FermilatCDF) Collaboration have
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1.2 T

has been widely investigated in the context of Higgs boson
search at hadron colliders in ther channel. We have ex-
plored this quantitatively by imposing g ®>50 GeV cut

for TeV-Il and p3®>100 GeV for the LHC. The resulting
discovery limits of TeV-Il and LHC are shown in Fig. 2.
They correspond to 10 signal events with the expected lumi-

o8 nosities of 2 fo'! at TeV-Il and 10 fb ! at LHC. The latter
corresponds to the low luminosity run of LHC. Even with
< o6 b this run it should be possible to probe for tkeboson up to
o my=500 GeV, assuming thaiy is of the same order of
magnitude asg;. The probe can be extended up oy
o4 b =1 TeV at the high luminosity run of LHC, which is ex-
pected to deliver an integrated luminosity of 100 b
02 | V. RADIATIVE NEUTRINO MASSES

In the presence of thB-3L, gauge symmetry, only .
has a right-handed partner and thereby a seesaw mass. To
0 50 100 150 200 250 300 350 400 450 500 accommodate the present data on neutrino oscillations, we
my (GeV) need to allowr, and v, to be massive, and have them mix
with each other and .. To this end, we must break the
FIG. 2. The hadron collider limits on th¢ boson coupling as  remaining leptonic symmetries, i.e., multiplicatile as well
functions of its mass. The present limit from Tevati@®un |) is as additiveL, and L#. One possible scenario was already

shown along with the anticipated discovery limits for the Tevatronproposed in Refl4]. The scalar sector is extended to include
(Run 1) and LHC. a doublet

presented their totdlr data from the Tevatrofrun 1), cor- 7"

responding to an integrated luminosity of 110pf16]. The ( 0 ) ~(1,2,1/2-3) (25
details of the data along with the selection cuts can be found K

in the second paper ¢1.6]. A large fraction of this 7 data  5nq a charged singlet

set contains a single accompanying jet. Of the 22 observed

events in this data sample, 11 are estimated to come from x ~(1,1-1;-3). (26)

Z—7T, (23)  The doublet breakk,, L, , andL, separately but an overall
. . multiplicative lepton number is preserved. It also generates
while most of the rest are estimated afakes. We have flavor-changing couplings oK to the charged leptons, de-
estimated theX contribution to this channel using a parton tajls of which will be discussed in the next section. The
level Monte Carlo program, which was found to reproducesinglety_, is now paired with one linear combination of the
the size of the abové contribution reasonably well. As in  three |eft-handed neutrinos. It appears at first sight that there
the case oF, the relevant production processesoare the  are then two massless neutrinos left. However, since the

next leading ordefNLO) Drell-Yan processes three lepton numbers are no longer individually conserved,
_ _ — these neutrinos necessarily pick up radiative masses. This
ag—gX and ga(q)—q(a)X. (24 generally happens in two loops through douleexchange

I[18], but the masses so obtained are extremely small. In the
present scenario without the™ singlet, one of the two mass-
less neutrinos at tree level does pick up a radiative mass in
one loop[19], but it is also too small.

To obtain phenomenologically interesting radiative neu-
trino masses, we add the singlet to produce the following
new interactions:

With 22 observed events and a background of simila
magnitude, the 95% C.L. limit on thé boson signal can be
estimated to be about 12 everjtk7]. The corresponding
limit on gy is shown as the solid line in Fig. 2. The plot is
shown formy=100 GeV, since for a lighX the final lepton
from X— r—| decay becomes too soft to survive the selec
tion cut. Thus there is a complementarity between Xhe
search at hadron colliders andZndecay at LEP-I. fimm—liv)xt, (6 7%= )x x% (27

Note that the present Tevatron limit @y is not much
better than the universality limit from LEP¢(Fig. 1). How-  wherel =e,u. The mass-generating radiative mechanism of
ever, there is scope for significant improvement of this limitRef. [20] is now operative, as shown in Fig. 3. One should
with much larger data samples expected from Tevafron  note that the above scalar sector contains a pseudo-
II) and CERN Large Hadron CollidgtHC). In that case Goldstone boson which comes about because there are 3 glo-
one can separate th€ signal fromZ by imposing apy cut  bal U(1) symmetries, corresponding each to rotating the
on X(Z), which will enable one to reconstruct the momentaphases ofp, », andy® independently in the Higgs potential,
of the decayr pair and hence th¥(Z) mass. This technique and only 2 local Y1) symmetries which get broken. How-
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{(x°% {n°) (8] (¢9)
AN / AN /
NF N ¥
X~ N X ” AN
/ \ / \
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Yy L ' kR Yy Yy TL l TR Yy
I0 I0
(") (o)
FIG. 3. Radiative mechanism for neutrino masses in the flavor- FIG. 4. Radiative mechanism for neutrino mass in the flavor-
changing scenario. conserving scenario.

ever, if an extra neutral scaldf transforming as (1,1,0; roughly given by those of their inclusive rates, and using the
—3) is added, then the Higgs potential will have two moreupper limits [22] of 7.4x10°® and 4.4<10 % on their
terms (7" $¢° (°¢°x°), and the extra unwanted(l) sym-  branching fractions, we find
metry is eliminated. ) 5

An alternative scenario is to replaegwith a secondd 9x _ Ox 7
doublet, but retainy~ as well as{®. In that case(#? m—iaum7<3.8>< 107, m—iaemr<2.9>< 1077 (30
break only SU(2)xU(1)y whereas(x°) and (¢°) break
only U(1)y. In contrast, in the other scenarioy®) breaks The best bound on the produzta, comes from the nonob-
both. HenceX has no tree-level flavor-changing couplings, servation ofu— e conversion in nuclei. Using the formalism
and does not mix witlZ except through the cross kinetic- of Ref. [23] and the experimental upper limi22] of 4.3
energy termg21] which we assume to be negligible. We x 10 2 for o(uTi—eTi)/ o(uTi— capture), we find
show in Fig. 4 the one-loop diagram connectingwith v ..
Note that in this scenario, only one linear combinationf X 15
andv,, picks up a nonzero mass in one loop. The other linear H)Z(auae<3-1>< 10 (3D
combination will get a mass in two loop8]. This structure
is consistent with the new Super Kamiokande data. To Supeor g, =0.2 andmy=60 GeV, the above bounds translate
press flavor-changing neutral-current interactions in the scag
lar sector, we impose a discrefg symmetry such thab, is
even and®, is odd so that the latter does not couple to a,<19 MeV, a,<15 MeV, a,a.,<0.3 (MeV)2.
leptons. This discrete symmetry is then broken softly by the (32

¢>1<I>2+ H.c. term in the Higgs potential, as in the minimal o
supersymmetric standard model. We note thaf4] a radiativer, mass of 2.3%10°® eV could

be obtained witra, =10 MeV.
VI. LEPTON AND QUARK FLAVOR NONCONSERVATION Indt_apendent of pos_5|ble tree-level lepton fIavc_Jr noncon-
servation in any variation of thB-3L . model, there is quark
In the scenario where we add the scalar(1,2,1/2; flavor nonconservation in one-loop order involving tKe

—3) doublet, the charged-lepton mass matrix linkigg, ~ dauge boson. This contributes to decays such Kas

2

L, 710 €r, ur, Tr Can be chosen to be of the form  — 7' v, v, andb—sr* 7. However, sinceX has only vec-
tor couplings to quarks, the effective one-loop transition am-
ms 0 O plitude g;—g,X has the same forf24] asq;—q,7, i.e.,
M=0 m, 0| (28)  k"exdy0,,(A+Bys)q;, whereA andB are proportional to

my/Mg,. In contrast, the transition amplitudg— g,Z is of

the form[25] €70,v,(1— v¥s)q,. Hence the contribution of
SinceX couples only tor before symmetry breaking, the fact X to these amplitudes is suppressedwhﬁymi relative to that
that. M, is not diagonal induces flavor-changing couplings ofof Z and is always negligible.

X to e and n as follows:

a, a, m,

VII. CONCLUSION
Ae— a,a

a,— (S
3gxX, m_MMRVVTRJrHeR?’VTR_ #eRVVMRJF H.c.|. SinceB-3L, can be gauged with the addition ofg, the
! ! ’ (29)  possible existence of the associated gauge bissimould be
investigated. We find its couplingy and masamy to be
The best individual bounds oa, and a, come from the constrained by the data ah decay in two important ways.
nonobservation of— u7" 7~ andr—ew 7. Assuming Formy<70 GeV, the nonobservation of the direct decay of
that the ratios of the above rates to thatref v~ #° are  Z to X gives an upper limit orgy as shown in Fig. 1. For
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my<50 GeV, we find a rather stringent limit @fy<0.1.  scenario, important phenomenological constraints come from
For my>56 GeV, a better limit is obtained from the ob- 7 decay andu-e conversion in nuclei. On the other hand,
servede- u- 7 universality ofZ decay as shown also in Fig. quark flavor nonconservation is always suppressed in one
1. loop becaus& couples only vectorially.

The X boson may be produced at hadron colliders and be In conclusion, if theX boson exists, it may be hiding very
detected through its decay intopairs. The nonobservation effectively even if its coupling is not too small and its mass
of such events at the Tevatron puts an upper limiggrfor  is belowM ;. However, future hadron colliders can probe for
my=M; as shown in Fig. 2. We have also estimated thethe X boson up to a mass range-oflL TeV if its coupling is
discovery limits ofX at the future run Il of the Tevatron and of the same order of magnitude gs.
at the LHC as shown also in Fig. 2. The latter offers a viable
X boson signal up tany~1 TeV.
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