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Abstract

A search has been made for lepton-flavor-violating interactions of the type
etp — 7X, with the ZEUS detector at the HERA ep collider, using an inte-
grated luminosity of 65.5 pb~!. The data were taken at center-of-mass energy,
/s, of 318 GeV, corresponding to a positron energy of 27.5 GeV and proton
energy of 920 GeV. No evidence was found for lepton-flavor violation and con-
straints were derived for leptoquarks (LQ) that could mediate such interactions.
For LQ masses below /s limits were set on A, \/ﬁTq, where A4, is the coupling
of the LQ to an electron and a first generation quark ¢; and §3;, is the branch-
ing ratio of the LQ to 7 and a quark ¢. For LQ masses exceeding /s, limits
were set on the four-fermion interaction term Aeg, Arg, /M%Q for LQs that couple
to an electron and a quark ¢, and to a 7 and a quark gz. Some of the limits
are also applicable to lepton-flavor-violating processes mediated by squarks in
R-parity-violating supersymmetric models.






1 Introduction

In the Standard Model (SM) framework, lepton flavor is conserved. Minimal extensions
to the SM [1] that allow for finite neutrino masses and, thereby, account for the observed
neutrino oscillations [2,3] do not predict detectable rates of lepton-flavor-violation (LFV)
in the charged lepton sector at current collider experiments. However, many other exten-
sions of the SM, such as grand unified theories [4], models based on supersymmetry [5],
compositeness [6] or technicolor [7] involve LFV interactions at detectable levels.

In high-energy e*p collisions at HERA, reactions of the type eq; — 7q, where ¢; and
¢r denote initial- and final-state quarks, the 7 is expected to have a large transverse
momentum and can be detected with high efficiency and small background. Such re-
actions, shown in Fig. 1 in case of a positron beam, can be mediated by leptoquarks
(LQs), bosons that carry both lepton (L) and baryon (B) numbers and have lepton-quark
Yukawa couplings. Such bosons arise naturally in unified theories that arrange quarks and
leptons in common multiplets. Any LQ that couples leptons of two generations to each
other would induce LFV. In this paper the Buchmiiller-Riickl-Wyler (BRW) model [8]
was used in order to classify LQ species and to evaluate cross sections of the LQ—-induced
processes. These processes can also be mediated by squarks in R—parity—violating SUSY
models. Further details on these models and on the cross—section approximation used can
be found elsewhere [9]. There are strong constraints from low energy experiments [10-13]
on some of LFV processes, however HERA has an unique discovery potential for some
cases where high generation of quarks are involved.

Previous searches for lepton-flavor-violation at HERA have been reported by ZEUS [9,
14-16] and H1 [17]. This paper reports on a search for LFV processes etp — 7X using
data collected by the ZEUS experiment in 1999 and 2000 at a center—of-mass energy, /s,
of 318 GeV with an integrated luminosity of 65.5pb .

2 Event selection

Events from the reaction etp — 77X, for example those mediated by a heavy LQ,
are characterized by a high-transverse-momentum isolated 7 balanced by a jet in the
transverse plane. Since the 7 decays close to the interaction vertex (in ~ 65% of the cases
into hadrons and one neutrino and in ~ 35% into a charged lepton and two neutrinos), only
its decay products are visible in the detector. Due to the presence of at least one neutrino
in the final state, these events are characterized by a high value of the tranverse momentum
imbalance, /;, measured by the calorimeter. A detailed description of the ZEUS detector
can be found elsewhere [18]. The main components used for this analysis are the central



tracking detector (CTD) [19], the uranium calorimeter (CAL) [20], the forward muon
detector (FMUON) [18] and the luminosity monitor [21,22]. Global calorimeter quantities,
used in the event selection, were calculated as follows: to each calorimeter cell ¢ with an
energy deposit E; above a threshold (80 MeV for electromagnetic calorimeter cells and
140 MeV for hadronic calorimeter cells) was assigned a four-momentum P*, defined as
P* = (E;, E; cos ¢; sin 0;, E; sin ¢; sin 0;, E; cos 6;), where ¢; and 6; are the azimuthal and
polar angles of the cell center relative to the event vertex!. The total momentum four-
vector seen by the calorimeter (E, Px, Py, Py) is given by the sum of the four-momenta
for all cells. The transverse energy, E,, is given by ) . E;sin6;. The missing transverse
momentum, p, is given by \/P% + P2. The azimuthal angle assigned to #;, @miss, Was
defined by cos ¢niss = —Px /P and sin @piss = — Py / P

2.1 'Trigger and preselection

The trigger, which is identical to that used in the charged current (CC) deep inelastic
scattering (DIS) measurement described elsewhere [23], was based on a cut on p; with
a considerably lower threshold than the selection cuts described below. After applying
cuts to reject non-e*p backgrounds (mainly cosmic rays and beam-gas interactions), the
following pre-selection requirements were imposed:

e a reconstructed vertex with Z coordinate |Zyrx| < 50 cm;

o P> 12CeV.

For each of the three possible decay channels of tau (hadrons vy, ev,ve, uv,v,) dedicate
final selection cuts, described in the following sections, are applied.

2.2 Hadronic 7 decays

The following cuts were applied for the preselection of the hadronic tau decays:
e No electron with energy larger than 10 GeV;
o F, > 50GeV;
e 15 < F—P, <60GeV;

e a 7 jet candidate (described below).

I The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards
the center of HERA. The coordinate origin is at the nominal interaction point.



The 7 jet candidate was required to have a transverse momentum greater than 15 GeV, to
be within the CTD acceptance (15° < 6 < 164°) and to have between one and three tracks
pointing to the calorimeter deposition associated with the jet. In order to reject electrons
from NC events a cut of 0.95 was applied on the electromagnetic energy fraction of the jet
(fEMC). In addition the jet was requested to satisfy the condition ltf + fEMC < 1.6,
where [tf (the leading track fraction) was defined as the ratio between the momentum of
the most energetic track in the jet and the jet energy. In addition, a tau discriminant, D,
was employed to separate tau from quark or gluon induced jets. This technique, based
on the analysis of the jet shape, is described in Appendix A. Figures 2 and 3 show the
comparison between data and MC for the jet variables and the discriminant, respectively.
After the hadronic preselection 76 events were found in data, while 59 + 8 were expected
from SM processes, mainly from CC DIS.

For the final selection the following further cuts were applied:

e the 7 jet candidate was required to be aligned in azimuth, ¢, with the direction of the

f)t (|A¢| < 200)5
e D>0.09.

2.3 Leptonic 7 decays

For the electron channel 7 — ev, 1, after the common preselection, the following selection
criteria were required:

o P> 15GeV;
e 20< F— P, <52GeV;
e no energy deposit in the Rear Calorimeter (RCAL) larger than 7 GeV;

Pt/\/E > 2.5\/ GeV,

an electron with energy greater than 20 GeV in the polar angle region 8° < 6 < 125°
and in the /2 direction (|A¢| < 20°).

In the muon decay channel 7 — pv, 1, an isolated muon in the J direction was required.
Forward muons (8° < 6, < 20°) were identified by a reconstructed track in FMUON, while
central muons (15° < 6, < 164°) were found by performing a matching between a CTD
track and calorimeter energy deposits consistent with those expected from a minimum
ionizing particle. Since the muon contributes further to the /2 in the calorimeter, the /2
related cuts were enhanced (P > 20 GeV and P;/v/E; > 3v/ GeV ). The muon channel
selection criteria are described in detail in [16].



3 Results

No candidate was found in the data from any of the three channels, while 0.8 4+ 0.3
events were expected from SM processes, mainly CC DIS, di-muon and di-tau production
in 77 interaction and photoproduction. The selection efficiencies were evaluated using
signal MC events generated by LQGENEP [24]. For resonant production of lepton-flavor-
violating scalar LQs, the selection efficiency varies from 24% to 30% for Myq from 140 GeV
to 300 GeV, while the efficiency for vector LQs is in the range 25% to 37%. For LQs with
Mg > /s, the efficiencies are almost independent of Mg, but depend strongly on the
generation of the quarks involved in the process. The selection efficiency ranges from 21%
to 6.6% for F = 0 2 LQs and from 20% to 6.2% for |F| = 2 LQs. In case the initial-
state quark be a sea-quark, the efficiency is considerably lower, due to the softer quark
x-spectrum causing lower transverse momenta for the final-state 7 leptons.

Since no candidate was found, limits at 95% confidence level C.L. were set on the LFV
process e™p — 7X.

3.1 Low-mass LQ and squark limits

LQs with mass less than /s are predominantly produced as narrow resonances in the
s-channel. Limits at the 95% C.L. on A \/Brq (Where A, is the coupling of the LQ to
an electron and a first generation quark ¢; and (3,4 is the branching ratio of the LQ to 7
and a quark q) were derived for F=0 LQs. The limits were obtained using the narrow—
width approximation for the cross section corrected for QED initial-state radiation (ISR)
and next-to-leading-order QCD effects [25,26] (only for scalar LQs). These limits apply
to processes involving any quark generation in the final state (excluding the ¢t—quark).
Figures 4(a-b) show the upper limits on Aeq, \/ﬁTq for scalar and vector LQs, respectively.
Under the assumption that Ae,, = Arq,, limits on Ae,, can be derived. These are compared
to limits, which are generation specific, from low-energy experiments in Figs. 4(c-d) for
5‘@2 and Vi LQs. Since these states do not couple to neutrinos, 8., = B¢, = 0.5 is
assumed. The limits on Agy, \/ﬁTq for S’IL/Z can be interpreted as limits on )\'ljl\/ﬂT_w for
@’ squarks of generation j, where A1 s the coupling constant for the process etd —» @
and ;.4 is the branching ratio of 4’ in 7q.

Another way to illustrate the sensitivity of the search is to assume that the couplings have
electromagnetic strength (/\eq1 =Argy =03 & \/M) In this case, LQs with masses up
to 299 GeV are excluded, as shown in Table 1. Alternatively, as shown in Table 2, for a
fixed Mrq of 250 GeV, values of Agq \/Brq down to 0.013 are excluded.

2 F =3B + L is the LQ fermionic number, B and L being the baryon and lepton number, respectively



3.2 High-mass LQ and squark limits

For leptoquarks with mass much greater than /s, the cross-section limit provides a direct
limit on Aeg, Argg /MfQ (M is the LQ mass, o and 3 denote the quark generations)
using the contact-interaction approximation with QED-ISR corrections. The CTEQ5 [27]
parametrizations of parton densities were used to evaluate cross sections. Tables 3 and 4
show the limits for F' = 0 and |F| = 2 LQs, respectively, calculated for all combination
of quark generation («, §) coupling to the LQs.

In many cases involving ¢ and b quarks, the ZEUS limits improve existing low-energy
limits [10-13]. Results obtained by H1 [17] are comparable to ZEUS results.

Nyjp /M7 for a
u-type squark of generation j. Similarly, the limits on S LQs can be interpreted as limits

The limits on Aeg, Arq, /Mfq for 5'{72 can be interpreted as limits on \j;,

on X, Ayse /M for a d-type squark of generation k.

4 Conclusions

A search for lepton-flavor violation was performed using an integrated luminosity of
65.5pb ! of etp data at /s = 318GeV collected with the ZEUS detector at HERA
in 1999-2000. No evidence for LF'V processes was found.

Limits at 95% C.L. on couplings and masses for F=0 leptoquarks that mediate LE'V
processes were set. Assuming the couplings Ae;, = Arg, = 0.3, lower mass limits between
276 and 299 GeV were derived for various LQs decaying to 7q. For Mpq = 250 GeV,
upper limits for Aeg, \/ﬁTq in the range (1.3-6.5)-10 2 were obtained. Limits on ,§1L/2 also
apply to up-type squarks that have R-parity-violating couplings to a positron and a 7.

For LQs with Mrq > /s, upper limits on Ay, Arg, /MfQ were obtained and compared
with bounds from low-energy experiments. Some of these limits also apply to high-mass
Ry-violating squarks. In many cases, particularly when higher-generation quarks are
involved, the ZEUS limits are the most stringent.

A Tau identification

The hadronic tau decays are characterized by a “pencil like” jet with a low charged-
multiplicity of tracks detected in the CTD. It is possible, thus, to distinguish tau jets from
quark and gluon induced jets, using jet variables [28]. The jet definition was based on
the longitudinally invariant k7 cluster algorithm [29]. Lepton flavor violating MC events
generated with LQGENEP, with the final state 7 decaying into hadrons and neutrino,



were used to simulate the signal. The background simulation was based on CC DIS
events using the generator DJANGOG6 [30], an interface to the programs HERACLES
4.5 [31] and LEPTO 6.4 [32]. The jet shape was characterized by six observables: the
first (Rmean) and the second (R,ms) moment of the radial extension of the jet energy
deposition; the first (Lyean) and the second (Ly;,s) moment of the energy deposition in the
direction along the jet axis; the number of subjets (Ngub;) With a yey, of 5+ 107* [33,34];
the mass (Mje;) of the jet calculated from the calorimeter cells associated to the jet. For
a detailed definition of these variables see [35]. In Fig. 2 the distribution of the six jet
variables for the data, the signal MC and the background MC (mainly charged current
DIS, neutral current DIS and direct and resolved photoproduction) after the hadronic
preselection are shown. In order to separate the signal from the background, the six
variables were combined in a discriminant D, given, from any point in the phase space

f(_ log(Rmean); - log(ers): - log(l - Lmean); - log(ers)a Nsubja Mjet)a as:

- pszg(f)
D)= @) + @)

where p,;y and pyy are the density functions of the signal and the background, respectively.
The densities, sampled using MC simulations, were calculated using a method which is
based on range searching (PDE-RS) [36]. For any given jet with phase space coordinates
Z, the signal and the background densities are evaluated from the number of corresponding
signal and background jets in a 6-dimensional box of fixed size, which is centered around
Z. The tau signal tends to have a large discriminant value (D — 1) while the CC DIS
background has a low discriminant value (D — 0) as can be seen in Fig. 3.
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LQ type S1L/2 S1L/2 552 Voo | V" ‘70R Vi
7-channel limit on Myq(GeV) || 276 | 293 | 293 | 276 | 281 | 296 | 299

Table 1: The 95% C.L. lower limits on Myq assuming Aeg, = Arg = 0.3.

LQ type 5’1L/2 SlL/2 51}32 IWAGE G Vi
7-channel limit on Agy /8- || 0.065 | 0.028 | 0.026 | 0.045 | 0.020 | 0.013

Table 2: The 95% C.L. upper limits on Aeg, v/ Brq for a leptoquark with mass
MLQ = 250 GeV'.
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e —=T ZEUS F=0
afS S:{J/z S:F/z S{J/z Vi Vit 7% Vi
eTug et(u+d)g etd, etd, etd, eTug et (V2u +d),
T — 7e T — 7e T — Te T — 7e T — e T — e T — Te
11 0.4 0.2 0.4 0.2 0.2 0.2 0.06
2.2 1.8 3.2 2.3 2.3 1.7 0.8
T — Ke K — wvv T — Ke T — Ke K — wvv
12 6.3 5.8 x 1074 3.2 3.2 1.5 x 1074
[2.2] [1.9] 3.4 [2.6] [2.6] [1.9] 0.9
B — te B — Te B — te B — te B — te
13 * 0.6 0.6 0.3 0.3 * 0.3
3.8 3.8 3.2 3.2 3.2
T — Ke K — wvv T — Ke T — Ke K — wvv
21 6.3 5.8 x 1074 3.2 3.2 1.5 x 1074
[11] 6.4 7.8 3.5 3.5 [4.6] 1.9
T — eee T — eee€ T —> eee T — eee€ T — eee T — eee€ T — eee
22 20 30 66 33 33 10 6.1
B—w71eX |B—+1eX | B—T1eX | B—T1eX B — 1eX
23 * 14 14 7.2 7.2 * 7.2
B — te B — te Vb B — re Vub
31 * 0.6 0.6 0.12 0.3 * 0.12
11 11 4.0 4.0 4.0
B—71eX | B—+71eX | B—>T1eX | B— teX B —» 1eX
32 * 14 14 7.2 7.2 * 7.2
14 14 [5.2] [5.2] [5.2]
T — eee€ T — eee T — eeé€ T — eee T — eee
33 * 30 66 33 33 * 6.1
[19] [19] [10] [10] 10
Table 3:  Upper limits at 95% C.L. on Aeg,Arqy /M7 in units of TeV~2, for

F =0 LQs that couple to eq, and to Tqg. The columns correspond to the F' = 0
LQ species. The eq, combination for etp collisions and s-channel case is reported
under the L@ type (the combination for e”p collisions can be obtained by applying
charge conjugation). Each row corresponds to a different combination of quark
generations (a, B) that couple to the e and the T, respectively. Within each cell,
the measurement that provides the most stringent low—energy constraint is shown
on the first line and the corresponding limit [10-13] is given on the second line.
The ZEUS limits are shown on the third line of each cell (enclosed in a boxr when
stronger than the low—-energy constraint). The * indicates cases where a top quark
must be involved.
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e—T ZEUS |F| =2
af Sy S’ So' St V1]72 Vf}z V1]72
et g et i, etd, et (@ +v2d), etd, et (@ +d)q et
Gr T — 7e T — we T — We T — Te T — 7e T — 7e
11 0.3 0.4 0.4 0.1 0.2 0.1 0.2
3.8 3.8 4.9 2.1 1.8 1.0 1.2
K — oo T — Ke K — oo K — oo T — Ke
12 58 x 1074 6.3 29x104 29x 104 3.2
8.6 [8.6] 6.5 3.1 4.0 3.2 [5.6]
Vb B — re Vb B — re B — re
13 0.24 * 0.6 0.12 0.3 0.3 *
* 7.6 3.8 5.7 5.7
K — wvv T — Ke K — wvv K — wvv T — Ke
21 5.8 x 10~* 6.3 2.9 x 10~* 2.9 x 104 3.2
4.1 [4.1] [5.1] 2.2 1.9 [1.1] [1.3]
T — eeeé T — eee T — eee T — eee T — eee T — eeé T — eee
22 20 20 66 55 33 15 10
B — 1eX B — teX B —»T1eX | B— t1eX
23 * * 14 7.2 7.2 7.2 *
B — Te B — Te B — Te B — Te
31 * * 0.6 0.3 0.3 0.3 *
6.9 3.4 2.0 2.0
B —» 1teX B — 1eX B —+71eX | B— 1teX
32 * * 14 7.2 7.2 7.2 *
14 [7.1] [5.5] [5.5]
T — eeé T — eeé T — eeé T — eeé
33 * * 66 55 33 15 *
[20] [10] [10] [10]
Table 4:  Upper limits at 95% C.L. on Aeg,Arqs /Mg in units of TeV~=2, for

|F| =2 LQs that couple to eq, and to Tqz. The columns correspond to the |F| =2
LQ species. The format of the table is described in the caption of Table 3.
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b) LQ

o AT g d,

Figure 1: (a) s-channel and (b) u-channel diagrams contributing to LF'V processes
induced by FF = 0 LQs, where FF = 3B + L s the L@ fermionic number, B and
L being baryon and lepton numbers, respectively. The subscripts a and 3 denote
the quark generations. In ep scattering, |F| = 2 LQs couple to antiquarks in the
s-channel and to quarks in the u-channel.
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Figure 2: Observables characterising the internal jet structure for data (solid
points), SM simulation (solid line) and for the LFV signal (dotted line) after the
hadronic preselection described in Sec. 2.2. The normalization for the signal is
arbitrary. In each event only the jet with the highest value of the discriminant
enters.
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ZEUS

U)loz = | : I T I T T T T T |+ T [ T | T T .
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10 =
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Figure 3: Distribution of the tau discriminant for data (solid points), SM simula-
tion (solid line) and for the LFV signal (dotted line) after the hadronic preselection
described in Sec. 2.2. The normalization for the signal is arbitrary. In each event
only the jet with the highest value of the discriminant enters.
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Figure 4:  Upper limits on Aeq, \/Brq vs. Myrq for lower mass (a) scalar and (b)
vector LQs. Upper limits on Aeq under the assumption By = 0.5 are shown in (c)
for scalar LQs and (d) for vector LQs that couple to d-type quarks. Also shown in
(¢) and (d) are existing limits [10-13] (dashed, dash-dotted and dotted lines). The
numbers in parentheses indicate the generation numbers of the quarks that couple
to the e and the T, respectively. The regions above the curves are excluded at the

95% C.L.
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