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Phenomenology of Massive Vectorlike Doublet Leptons
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Massive vectorlike electroweak doublets are generic in many extensions of the standard model.
Even though one member of the doublet is necessarily electrically charged these particles are not
easily detected in collider experiments. The neutral and charged states within the doublet are split by
electroweak symmetry breaking. In the absence of mixing with other states, the radiatively generated
splitting is in the range200—350 MeV for m = %mz. The charged state decays to the neutral one
with an O (cm) decay length, predominantly by emission of a soft charged pion. The best possibility
to detect these massive charged particles is to trigger on hard initial state radiation and search for two
associated soft charged pions with displaced vertices. The mass reach for this process at LEPII is
limited by luminosity rather than kinematics. [S0031-9007(98)06501-6]

PACS numbers: 14.60.Hi, 13.35.—r, 13.85.Qk

The best probe for physics beyond the standard modelupersymmetry form a vectorlike $2J; doublet. These
is direct production of new states at high energy collid-Higgsinos become mass eigenstates in the limif —
ers. Many theories of electroweak symmetry breakingu?| > m%, where m, are the gaugino masses. The
require additional states which are charged under eleanalysis given below becomes applicable in this limit if
troweak gauge interactions. In many cases the states forthe Higgsino is the lightest supersymmetric particle.
chiral representations of §2); X U(1)y, and necessar-  Surprisingly, even though one member of the doublet
ily gain mass only from electroweak symmetry break-is necessarily charged, these states turn out to be very
ing. However, it is possible for states with electroweakdifficult to detect experimentally. It is usually assumed
scale mass to transform under vector representations, evémat, if kinematically accessible, a heavy charged particle
though there may be no symmetry apparent in the lows easily detected at a high energy collider. This is gener-
energy theory which protects them from gaining a largeally true if (i) the heavy charged particle is nonrelativistic
mass. For example, the masses of vectorlike fermionand lives long enough to pass through the entire detec-
can be protected by global chiral symmetries which areor, depositing a greater than minimum ionizing track, or
spontaneously broken at the electroweak scale. Likewisgii) it decays promptly to visible final states with energetic
in supersymmetric theories, matter supermultiplets whicltharged leptons and/or jets. The electrically charged state
transform under a vector representation, and are masslestthe vectorlike S(2); doublet discussed here satisfies
at the high scale, remain massless to all orders due to theesither (i) nor (ii). The decay length to the neutral state,
nonrenormalization theorem. The fermionic componentglthough macroscopic, is too short to allow direct trig-
of such supermultiplets can gain mass from a field whiclgering on the primary charged tracks. In addition, the
is a singlet under S@);, X U(1)y, but nonetheless gains visible decay products are too soft to allow direct trigger-
an expectation value in association with electroweak syming. However, as discussed below, triggering on associ-
metry breaking. ated initial state radiation allows a search for decays over

Massive vector representations can naturally carry @ macroscopic distance to the very soft charged particles
conserved or approximately conserved quantum numbein the final state.
This can forbid or highly suppress mixing with standard The representation considered here is a pair of25U
model fermions, and render the lightest state of the repredoublet Weyl fermions with 1)y hypercharger = *+1,
sentation effectively stable on the scale of an accelerataghereQ = 75 + % Y [3]. This may be represented as a

experiment. single Dirac fermion

In this paper we discuss the phenomenology of a 70
massive stable vector fermion doublet of @)). In L= ( _) 1)
grand unified theories this representation arise$ i L™ Jy_

5 € SU(5) or equivalently if a standard model generationOther hypercharge assignments are not unifiable in a
is embedded 27 € Eq [1]. Vector representations of conventional manner, and have both members of the dou-
this type may also be required in theories of low scaleblet charged. This representation is referred to as a dou-
supersymmetry breaking in which(Upo and Ul)g—po blet lepton since the left-handed component has the same
Higgs sector symmetries are spontaneously broken aauge quantum numbers as a left-handed standard model
the electroweak scale [2]. Furthermore, the fermionidepton. This Dirac state can gain an @)} X U(1)y in-

partners of the up- and down-type Higgs bosons invariant mass,L O —mLL = —m(L*L™ + L°LY). In
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the absence of mixing with standard model leptons, théhe Coulomb self-energies @&~ and L° due to the pho-
lowest order operator which can split andL? in the  ton andZ boson classical electric fields [5]. In this in-
presence of S@); X U(1)y breaking isLT“L HTT*H, terpretation it is clear thalL~ is heavier thanL’, and
whereH is the Higgs boson operator. For fermionic dou-that the splitting vanishes without electroweak symmetry
blets this is a nonrenormalizable operator. In a renormalbreaking.
izable theory it receives finite calculable corrections. The The form of the splitting can also be understood in
mass splittingdm = my- — myo is therefore calculable the effective theory above:z. In this description the
within the low energy theory [4]. coupling of the gauge eigenstaté®® and B, of the

At lowest order the mass splitting comes from one-SU(2); and U1)y gauge groups, respectively, o and
loop corrections with virtual photon artlboson exchange L° are identical. Gauge invariance then implies that only
to both the masses and wave functions. VirtWdF  diagrams which mix¥? and B through an even number
bosons do not contribute since the couplingsLto and  of Higgs insertions can contribute to the splitting. All
LY are identical. The one-loop mass splitting for on-shellof these effective operators receive infrared divergent

states is contributions which are cut off by momenta 6f(mz).
o In a supersymmetric theory there are additional contri-
om = Emzf(m%/m%), (2)  butions to the mass splitting (2). At lowest order these
) ) come from one-loop diagrams with internal neutralinos
wheref(r) is the loop function and the scalar partner of the vector doublet. With an

T ! _ x SU2), X U(1)y invariant soft mass for the scalar partner
flr) = = Jo dx[2 — x]In| 1 + ra4—x2 | () of the form £ = —m7L1L, these contributions appear
only as corrections to the vector doublet wave function.

L I Elect k try breaki ters th t-
radiatively generated mass splitting is plotted in Fig. 1 for ecirowear symmetry breaxing enters the supersymme

; . ic loops at lowest order in two ways. The first is through
my in the range 50-100 GeV. The asymptotic value oTrgaugino-Higgsino mixing in the neutralino mass matrix.

L 2 2 . _ 1 _ C : .
the splitting formi > my is m = 5 amz = 355 MeV. " gjnce the lowest order operator in the effective theory
In this limit the mass renormalization is twice as large INabovem, which splitsZ.® and L~ requires at least two
magnitude and opposite in sign as compared with wavgjiggs insertions, this contribution arises only at second
function renormalization. o order in gaugino-Higgsino mixing. In the mostly gaugino

The important features of the radiatively induced masg,r Higgsino region of parameter space this contribution is
splitting can be understood in an effective field theorythen suppressed compared with (2) ®\(mmyz/(u? —
analysis. In the low energy theory belowy theL™ mass .2y The gecond way electroweak symmetry enters is
receives a linearly divergent contribution from the virtual through the scalar partner &), D term. This splits the
photon loop. This divergence is cut off in the full theory ¢5147 - andi® masses by) (m2/my). Atone loop this
by momenta above (my) for which electroweak sym- ,jifies the vector doublet splitting by an amount which
metry is effectively restored. The splitting is therefore g suppressed compared with (2) B(m,my/m?). The

2).

proportional to the electromagnetic fine structure constaqbop momenta for both types of supersymmetric contri-

times theZ boson mass. Th_e linear divergence in mo-, e are® (max(m;,m,)). Because of these inherent
mentum space corresponds in real space to the Coulo

. e ressions, over much of the parameter space possible
self-energy ofL . In the heavy field limit ofn? > m3, PP P pace p

. . . ) supersymmetric contributions are small compared with the
the mass splitting (2) is precisely the difference betweery,minant standard model contribution (2) to the doublet

mass splitting. Small corrections are, however, sensitive
to the superpartner spectrum.

The neutral state of the doublef?, is rendered
effectively stable by discrete or continuous global chiral
symmetries. The staté~ can, however, decay ta’
via charged current interactions. For the mass range of
interest here the most important decay modes/are—
LO7=, L% * v, andL’u*v. The partial widths for these
modes are

For r <1, f(r)— 0 and forr > 1, f(r) — 1. The

dm [GeV]

2
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FIG. 1. Doublet mass splittingm = m;- — m;o as a func- I'(L* — L% y) = F_ smd+l1 — b? P(b)), 5
tion of m; . ( 1573 l 1) 5)
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where, topological trigger which identifies essentially back-to-
9 back charged tracks largely independent of total energy
P(b) =1 - B bi — 4b} deposition in the detector. Such a trigger requires that at
. least one of the tracks traverse the inner tracking region
+ 15b, tanh™! /1 — b2, (6) which typically extends td (30 cm)_. Trlggerln_g on the
/1 — b? very soft charged decay products is eqyally difficult. For
] , the L= — L°7~ decay mode, ther* radius of curvature
fr =130 MeV, 6, is the Cabibbo anglés, = m7/dm, i the detector magnetic field & (m/T). Separating such

andb; = m;/6m. The branching ratios for each of these {5cks at the trigger level from soft charged tracks arising
modes are p|0tte+d In ';'9- 2 as a function @f. The  from peam-beam interactions is problematic.
exclusive mode.™ — L7z — of course dominates sinc€  one method to search for production of invisible or

itis two body and sinc¢, ~ &m. _ nearly invisible particles is to trigger on an associated
Observable signatures of a massive vector doubleiarq radiated photon. This has been suggested for count-
are very limited. Virtual contrlb_utl(_)ns_ to the_ oblique ing neutrino species [7], and as a means to search for
electroweak parame_ter‘sandT are insignificant since the g tral supersymmetric particles, including photinos [8,9],
doublgt does not gain a mass from el'ectroweak symmetiye tralinos [10,11] sneutrinos [9,10,12], and nearly de-
breaklpg. TheS paragneter is proport|o'nal to corrections generate Higgsinos oW-inos [13]. In the approxima-
to mixing betweenW" and B gauge eigenstates. This {ion that the associated photon arises solely from initial
requires at least two Higgs insertions and arises only a{ate radiation, a photon radiator function [14] can be

two loops. TheT parameter is proportional to iSOSpIN ¢onyoluted with the radiation-free cross section to obtain
violation, which likewise arises only at two loops. Direct ihe differential cross as a function of, = cosf, and
decay of theZ boson to massive doublets is, however,, _ E,/Ebeam: Y

important if kinematically open. The contribution to

the Z boson total width is equivalent ta[1 + (1 — do(L"L"y) = o(LL)[(1 = x,)s]R(x,, 3 5)
2sir? 6y)?] = 2.6 massive Majorana neutrino species. dx,dc, Y [
This would unacceptably modify th& width unless (1)
mp = %mz- where,

Direct detection of doublets which are too heavy to o 1 1+ (1 = x,)> %2
affect theZ boson total width is very challenging even  R(x,,c,;s) = — —{ 5 _y >~ —7}
though they are produced copiously if kinematically moxy L1+ dm?s = o 2

accessible; at aa* e~ collider, o(L*L™) ~ o(L°L°) ~ (8)
o(ut w1 — 4m?/s [6]. The neutral L° and L° The LEP experiments can trigger on central photons
interact weakly like a massive neutrino and exit thewith |cosé,| < 0.7 and energies greater than 5-10 GeV
detector without depositing visible energy. The principle[15]. The cross sectiow(e*e™ — LTL™y) at /s =
reason for the difficulty in observing™ is that the decays 183 GeV with this photon coverage is plotted in Fig. 4
(4) and (5) give anL™ decay length ofO(cm). The for several values ofn; as a function of the minimum
laboratory frameL™ decay distance for different center photon energy for tagging;}".

of mass energies relevant at the CERN Large Electron- The largest backgrounds for single hard photon produc-
Positron Collider (LEPII) is shown in Fig. 3. The typical tion aree*e™ — vy ande™e™ — Zy with Z — v7,
decay length is unfortunately too short to utilize a
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FIG. 3. Decay distance of~ in the laboratory frame at an
FIG. 2. Branching ratios forL* — L°X where X = 77, e"e” collider as a function ofn;. The decays are boosted for
e*v,or urv. s = 135, 161, and 183 GeV.
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0.10 g T from the standard model one-loop mass splitting (2). This

would provide an indirect probe for additional states be-
yond the photon an@ boson which can couple the heavy
doublet to electroweak symmetry breaking through virtual
processes, such as in supersymmetric theories.
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