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Abstra
t

Sear
hes for spontaneous R-parity violating signals at

p

s = 183GeV and

p

s =

189GeV have been performed using the 1997 and 1998 DELPHI data, under the

assumption of R-parity breaking in the third lepton family. The expe
ted topology

for the de
ay of a pair of 
harginos into two a
oplanar taus plus missing energy

showed no eviden
e for a signal. The results provide limits on the 
hargino mass

and MSSM parameter spa
e.
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1 Introdu
tion

R-parity is a dis
rete symmetry assigned as R

p

= (�1)

3B+L+2S

, where B is the baryon

number, L is the lepton number and S is the parti
le spin. In the Minimal Supersymmetri


Standard Model (MSSM) the R-parity symmetry is assumed to be 
onserved [1℄. Under

this assumption the supersymmetri
 parti
les must be produ
ed in pairs, every SUSY

parti
le de
ays into another SUSY parti
le and the lightest of them is absolutely stable.

These features underly most of the experimental sear
hes for supersymmetri
 states.

One alternative supersymmetri
 s
enario is to 
onsider the R-parity as an exa
t La-

grangian symmetry, broken spontaneously through the Higgs me
hanism [2℄. This may

take pla
e via non-zero va
uum expe
tation values (VEVs) for s
alar neutrinos, su
h as

for the right and left handed stau neutrinos

v

R

= h~�

R�

i ; v

L

= h~�

L�

i :
(1)

In this 
ase there are two main s
enarios depending on whether the lepton number is a

gauge symmetry or not [3, 4, 5, 6, 7℄. In the absen
e of an additional gauge symmetry,

it leads to the existen
e of a physi
al massless Nambu-Goldstone boson, 
alled Majoron

(J) [4℄. In this 
ontext the Majoron remains massless and therefore stable, if there are no

expli
it R-parity violating terms.

1.1 Spontaneous R-Parity violation

In the present work we 
onsider the simplest version of the R-parity spontaneous vio-

lation model des
ribed in Ref. [4, 5℄. In this model the Lagrangian is spe
i�ed by the

superpotential

W =W

1

+ h

�

�




LH

u

+ h��




S + h:
: (2)

that 
onserves the total lepton number and R-parity. The �rst part of this equation


ontains the basi
 MSSM superpotential terms, in
luding an isosinglet s
alar � with a

linear superpotential 
oupling, written as:

W

1

= h

u

Qu




H

u

+ h

d

Qd
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d

+ h

e

e




LH

d

+ (h

0

H

u

H

d

� �
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)� : (3)

The 
ouplings h

u

, h

d

, h

e

, h

�

, h

0

, h are des
ribed by arbitrary matri
es in the generation

spa
e whi
h expli
itly break 
avour 
onservation. The additional 
hiral super�elds �




,

S [8℄ and � [9℄ are singlets under SU(2)

N

U(1) and 
arry a 
onserved lepton number

assigned as -1, 1 and 0, respe
tively. These super�elds may indu
e the spontaneous

violation of R-parity, given by the imaginary part of:

v

2

L

V v

2

(v

u

H

u

� v

d

H

d

) +

v

L

V

~�

�

�

v

R

V

~�




�

+

v

S

V

~

S

�

; (4)

leading to an R-odd Majoron. The isosinglet VEVs v

R

= h~�

R�

i and v

S

= h

~

S

�

i, with

V =

q

v

2

R

+ v

2

S

, 
hara
terize the R-parity breaking and the isodoublet VEVs v

u

= hH

u

i,

v

d

= hH

d

i and v

L

= h~�

L�

i indu
e the ele
troweak breaking and generate the fermion

masses. For theoreti
al reasons the R-parity breaking was introdu
ed only in the third

family, sin
e the largest Yukawa 
ouplings are those of the third generation. In that 
ase
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the R-parity breaking is e�e
tively parameterized by a bilinear superpotential term given

by:

�

i

� h

�

i3

v

R3

: (5)

This e�e
tive parameter leads to the R-parity violating gauge 
ouplings and 
ontributes

to the mixing between the 
harged (neutral) leptons and the 
harginos (neutralinos), as


an be seen from the fermion mass matri
es in Ref. [10℄.

By 
onstru
tion, neutrinos are massless at the Lagrangian level but get mass from the

mixing with neutralinos [6, 10℄. As a result, all R-parity violating observables are dire
tly


orrelated to the � neutrino mass:

m

�

�

�

��

2

m

~�

; (6)

where m

~�

is the neutralino mass, � is the R-parity violation parameter and � is an e�e
tive

parameter [11℄ given as a fun
tion of M

2

, � and tan�.

1.2 Chargino De
ay Modes

At LEP2 the 
hargino 
an be pair produ
ed from e

+

e

�

via ex
hange of 
;Z; ~�. In the

present analysis it is assumed that all sfermions are suÆ
iently heavy (M

~�

� 300GeV/


2

)

not to in
uen
e the 
hargino produ
tion or de
ay. Therefore, only the 
 and Z s-
hannels


ontribute to the 
hargino 
ross-se
tion. In the spontaneous R-parity violation model

with R-parity breaking in the third generation the lightest 
hargino (~�

�

) 
an undergo a

two-body de
ay mode

~�

�

! �

�

J (7)

in addition to the \
onventional" 
hargino 
hannels

~�

�

! �

�

W

�

! �

�

q

�

q

0

; �

�

l

�

i

�

i

(8)

and

~�

�

! ~�

0

W

�

! ~�

0

q

�

q

0

; ~�

0

l

�

i

�

i

: (9)

Both two-body de
ay (7) and the de
ay with neutralino in the �nal state (9) are R-parity


onserving, while in equation (8) the 
hargino de
ays through anR-parity violating vertex.

The de
ay bran
hing ratios depend strongly on the e�e
tive violation parameter (�), as


an be observed in �gure 1. Note that in a large range of � the new two-body de
ay mode

is the dominant 
hannel and, sin
e it is R-parity 
onserving, it 
an be large.

1.3 Parameters Values

All the results dis
ussed in the following se
tions were a
hieved by assuming that the


hargino always de
ays via the new two body de
ay mode, des
ribed in equation (7).

As was already mentioned, all sfermions are 
onsidered to be suÆ
iently heavy (M

~�

�

300GeV/


2

) not to in
uen
e the 
hargino produ
tion or de
ay. Typi
al ranges of values

for the SUSY parameters � � h

0

h�i and M

2

are assumed:

�200GeV=


2

� � � 200GeV=


2

(10)

40GeV=


2

� M

2

� 400GeV=


2

; (11)
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whi
h a

ount for the 
hargino produ
tion within the kinemati
al rea
h of LEP. Also

assumed are the GUT relation M

1

/M

2

= 5=3 tan

2

�

W

and that tan � lies in the range

2 � tan� =

v

u

v

d

� 40 : (12)

2 Dete
tor Des
ription

The following is a summary of the properties of the DELPHI dete
tor [12℄ relevant to this

analysis. Charged parti
le tra
ks were re
onstru
ted in the 1.2 T solenoidal magneti
 �eld

by a system of 
ylindri
al tra
king 
hambers. These were the mi
rovertex Dete
tor (VD),

the Inner Dete
tor (ID), the Time Proje
tion Chamber (TPC), and the Outer Dete
tor

(OD). In addition, two planes of drift 
hambers aligned perpendi
ular to the beam axis

(Forward Chambers A and B) tra
ked parti
les in the forward and ba
kward dire
tions,


overing polar angles 11

Æ

< � < 33

Æ

and 147

Æ

< � < 169

Æ

with respe
t to the beam (z)

dire
tion.

The VD 
onsisted of three 
ylindri
al layers of sili
on dete
tors, at radii 6.3 
m, 9.0 
m

and 11.0 
m. All three layers measured 
oordinates in the plane transverse to the beam.

The 
losest (6.3 
m) and the outer (11.0 
m) layers 
ontained double-sided dete
tors to

measure also z 
oordinates. The polar angle 
overage of the VD was from 25

Æ

to 155

Æ

for the 
losest and from 44

Æ

to 136

Æ

for the outer layer. Mini-strips and pixel dete
tors

making up the Very Forward Tra
ker (VFT) have been added to the ends of the VD

in
reasing the angular a

eptan
e to between 10

Æ

and 25

Æ

. The ID was a 
ylindri
al drift


hamber (inner radius 12 
m and outer radius 22 
m) 
overing polar angles between 15

Æ

and 165

Æ

. The TPC, the prin
ipal tra
king devi
e of DELPHI, was a 
ylinder of 30 
m

inner radius, 122 
m outer radius and had a length of 2.7 m. Ea
h end-plate was divided

into 6 se
tors, with 192 sense wires used for the dE/dx measurement and 16 
ir
ular pad

rows used for 3 dimensional spa
e-point re
onstru
tion. The OD 
onsisted of 5 layers of

drift 
ells at radii between 192 
m and 208 
m, 
overing polar angles between 43

Æ

and

137

Æ

.

The average momentum resolution for the 
harged parti
les in hadroni
 �nal states

was in the range �p=p

2

' 0:001 to 0.01 (GeV/
)

�1

, depending on whi
h dete
tors were

used in the tra
k �t [12℄.

The ele
tromagneti
 
alorimeters were the High density Proje
tion Chamber (HPC)


overing the barrel region of 40

Æ

< � < 140

Æ

, the Forward Ele
troMagneti
 Calorimeter

(FEMC) 
overing 11

Æ

< � < 36

Æ

and 144

Æ

< � < 169

Æ

, and the STIC, a S
intillator

TIle Calorimeter whi
h extended 
overage down to 1.66

Æ

from the beam axis in either

dire
tion. The 40

Æ

taggers were a series of single layer s
intillator-lead 
ounters used

to veto ele
tromagneti
 parti
les that would otherwise have been missed in the region

between the HPC and FEMC. A similar set of taggers was arranged at 90

Æ

to 
over the

gap between the two halves of the HPC. The eÆ
ien
y to register a photon with energy

above 5 GeV measured with the LEP1 data was above 99%. The hadron 
alorimeter

(HCAL) 
overed 98% of the solid angle. Muons with momenta above 2 GeV penetrated

the HCAL and were re
orded in a set of muon drift 
hambers.
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3 Data Samples

The data 
olle
ted by the DELPHI dete
tor during 1997 at

p

s ' 183GeV and 1998

at

p

s ' 189GeV, 
orresponding to an integrated luminosity of 53 pb

�1

and 158 pb

�1

respe
tively, were analysed.

To evaluate ba
kground 
ontaminations, di�erent 
ontributions from the Standard

Model pro
esses were 
onsidered. The ba
kground pro
esses WW, We�

e

, ZZ, Ze

+

e

�

and Z=
 ! q�q(
) were generated using PYTHIA [13℄, while the events Z=
 !

�

+

�

�

(
); �

+

�

�

(
) were produ
ed by KORALZ [14℄ and DYMU3 [15℄ respe
tively. A


ross-
he
k was performed using the four-fermion �nal states generated with EXCAL-

IBUR [16℄. The generator BABAMC [17℄ was used for the Bhabha s
attering. Two-

photon intera
tions leading to leptoni
 and hadroni
 �nal states were produ
ed by the

BDK [18℄ and TWOGAM [19℄ programs, respe
tively. All the ba
kground events were

passed through a detailed dete
tor response simulation (DELSIM) and re
onstru
ted as

the real data [12℄.

The program RP-generator II, des
ribed in referen
e [5℄, was used to 
al
ulate masses,


ross-se
tions and bran
hing ratios of the 
hargino produ
tion and its 
orresponding de-


ays. The 
hargino pair produ
tion was 
onsidered for di�erent values of the R-parity

violation parameter (�) and at several points of the MSSM parameter spa
e (tan�; �;M

2

).

For the signal, a faster simulation program SGV

1

was used to 
he
k the points that were

not generated by the full DELPHI simulation program (DELSIM). The SGV program

does not simulate the DELPHI taggers. To 
orre
t for this e�e
t, ten 
hargino mass

points, with 1000 events ea
h, were simulated by DELSIM and the sele
tion eÆ
ien
y

2

of

the programs were 
ompared. This pro
edure was done for the 183GeV analysis and the


orre
tion fa
tors for the SGV eÆ
ien
y if the taggers are 
onsidered, shown in �gure 2,

were also used for the 189GeV simulation.

4 Chargino Sear
hes

With the R-parity spontaneous breaking, the 
hargino 
an de
ay through an R-parity


onserving vertex into �

�

J events. Due to the undete
table Majoron, su
h events have

the topology of two taus a
oplanar with the beam axis plus missing energy. To sele
t

events with this signature it was required that there were two 
lusters of well re
onstru
ted


harged and neutral parti
les ea
h 
luster with invariant mass below 5.5GeV/


2

; events

have less than 7 
harged parti
les and a total momentum transverse to the beam greater

than 4GeV/
. Charged and neutral parti
les were 
onsidered as well re
onstru
ted if their

momenta were between 1GeV/
 and the beam momentum and their polar angles were

between 30

Æ

and 150

Æ

. The 
lusters were 
onstru
ted by 
onsidering all 
ombinations of

assigning the 
harged parti
les in the event into two groups. Neutral parti
les were then

added to the groups su
h that the mass remains below the 
ut value and a neutral that


an not be added to either of the two groups is 
onsidered as isolated.

Events with forward going se
ondaries were avoided by reje
ting any with energy

1

The program \Simulation a Grande Vitesse" (SGV) is des
ribed in

http://delphiwww.
ern.
h/~berggren/sgv.html

2

The eÆ
ien
y of the 
hargino sele
tion is de�ned as the number of events satisfying the 
uts de�ned

in Se
ion 4.1 divided by the total number of generated 
hargino events.
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measured in a 30

Æ


one around the beam axis. Events were also reje
ted if there were

signals in the 90

Æ

or 40

Æ

taggers.

4.1 Event Sele
tion at 183GeV

The events were sele
ted requiring an a
oplanarity

3

between 4

Æ

and 175

Æ

. To reje
t

the radiative return to the Z ba
kground, no events with isolated photons with more

than 5GeV were a

epted. The 

 and �

+

�

�

(
) ba
kgrounds were redu
ed by requiring

that the events had at least one 
harged parti
le with momentum between 5GeV/
 and

60GeV/
. To redu
e the �

+

�

�

(
) ba
kground the square of transverse momentum with

respe
t to the thrust axis divided by the thrust had to be above 0.75 (GeV/
)

2

.

To redu
e the 

 ba
kground further, events with momentum of their most energeti



harged parti
le (P

max

) below 10GeV/
 had to have total momentum transverse to the

beam above 10.5GeV/
. For events with P

max

> 10GeV/
, the main remaining 
ontami-

nation 
omes from Z=
 ! �

+

�

�

and WW. For those, if the a
oplanarity was below 165

Æ

,

the angle between the missing momentum and the beam had to be greater than 30

Æ

. On

the other hand, if the a
oplanarity was above 165

Æ

, it was required that the momentum

of the most energeti
 lepton was below 23.5GeV/
 and the angle between the missing

momentum and the beam was greater than 34:5

Æ

.

Figures 3a and 3b show the agreement between data and simulated ba
kground events

after a preliminary sele
tion, while �gure 4a shows the dependen
e of the signal dete
tion

eÆ
ien
y on the 
hargino mass. The sele
tion 
riteria result in a dete
tion eÆ
ien
y of

around 22%.

4.2 Event Sele
tion at 189GeV

LEP delivered a higher luminosity for this energy and tighter 
uts were applied. The

required a
oplanarity had to be between 4

Æ

and 170

Æ

and no events with an isolated

photon were a

epted. The momentum of ea
h of the two parti
le 
lusters had to be

above 5GeV/
 and below 55GeV/
 and the square of transverse momentum with respe
t

to the thrust axis divided by the thrust had to be above 1.0 (GeV/
)

2

. All the events had

to have the angle between the missing momentum and the beam greater than 35

Æ

.

The events from radiative return to the Z and WW pro
esses were mainly reje
ted

by requiring a total momentum transverse to the beam greater than 9GeV/
 and the

momentum of the most energeti
 lepton below 23GeV/
.

If one 
luster had a momentum above 10GeV/
 and the a
oplanarity was below 165

Æ

it was also required that the value of the e�e
tive 
entre-of-mass energy after any initial

state radiation (

p

s

0

) [20℄ did not fall in the region between 90GeV and 94GeV. For an

a
oplanarity greater than 165

Æ

, the angle between the missing momentum and the beam

was required to be greater than 40

Æ

and the visible mass lower than 70GeV/


2

. This last


ut is very eÆ
ient at removing the WW ba
kground.

Figure 3
 and 3d show the agreement between data and simulated ba
kground events

after a preliminary sele
tion, while �gure 4b shows the dependen
e of the signal dete
tion

eÆ
ien
y on the 
hargino mass. The sele
tion 
riteria result in a dete
tion eÆ
ien
y of

around 17%.

3

The a
oplanarity is de�ned as the magnitude of the angle between the jets when proje
ted onto the

plane perpendi
ular to the beam.
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5 Results

As a result of the sele
tion pro
edure, 6 
andidates of ~�

�

! �

�

+ J were sele
ted at

183GeV, with a ba
kground estimation of 6:28 � 0:40. At 189GeV, 9 
andidates were

found, with an expe
ted ba
kground of 9:55 � 0:44. Table 1 summarises the number of

a

epted events in the data, together the predi
ted number of events from ba
kground

sour
es. The systemati
 and statisti
al errors on the simulated ba
kground 
al
ulation

are insigni�
ant 
ompared to the experimental statisti
al a

ura
y.

Assuming the 
hargino de
ays ex
lusively to �

�

J , the 
ombined data for 183GeV and

189GeV were used to obtain the minimal ex
luded 
ross-se
tion given by the standard

formula in [21℄ and the 
hargino mass limit; both are shown in �gure 5. The ex
luded

domains of the MSSM parameter spa
e for tan � = 2 and tan� = 40 are shown in

�gure 6. The limit obtained with the ~�

�

! �

�

J sear
h is substantially better than the

LEP1 limit [22℄.

6 Con
lusion

Sear
hes for spontaneous R-parity violating signals used a data sample of about 211 pb

�1


olle
ted by the DELPHI dete
tor during 1997 and 1998 at 
entre-of-mass energies of

183GeV and 189GeV. In the present analysis it was assumed that the R-parity breaking

o

urs in the third generation and, as a 
onsequen
e, the lightest 
hargino de
ays into a

two-body de
ay mode ~�

�

! �

�

+ J . No eviden
e for R-parity spontaneously breaking

has been observed, assuming a sneutrino mass above 300GeV/


2

.

In the sear
h for ~�

�

! �

�

+J , 15 
andidates were sele
ted, with 15:85�0:59 expe
ted

from SM pro
ess. This allowed an upper limit on the 
hargino produ
tion 
ross-se
tion

of 0.23 pb and a lower limit on the 
hargino mass of 94.4GeV/


2

to be obtained at 95%


on�den
e level. The limit obtained with the present sear
h is substantially better than

the LEP1 limit [22℄.
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Centre-of-mass Energy 183GeV 189GeV

Observed events 6 9

Total ba
kground 6.28 � 0.40 9.55 � 0.44

Z=
 ! ee; ��; ��; q�q 0.86 � 0.23 0.57 � 0.12

4-fermion events ex
ept WW 0.60 � 0.05 1.20 � 0.16



 ! ee; ��; �� 0.28 � 0.13 0.21 � 0.21

W

+

W

�

4.38 � 0.28 7.57 � 0.33

Table 1: Chargino 
andidates with the total number of ba
kground expe
ted and the


ontributions from major ba
kground sour
es at 
entre-of-mass energies of 183GeV and

189GeV. The errors quoted on the ba
kground 
orrespond to the statisti
s un
ertainties.

Violation Parameter ε [GeV]

B
ra

n
ch

in
g

 R
at

io

χ+
 → τ+

Jχ+
 → χ0

W
+

χ+
 → νW

+

Figure 1: Chargino de
ay bran
hing ratios as a fun
tion of the e�e
tive violation param-

eter, �, at 189GeV for tan� = 2, � = 100 and M

2

= 400.
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¬
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(a) (b)

Figure 2: EÆ
ien
y 
orre
tion fa
tors for SGV simulated signals. (a) Sele
tion eÆ
ien
y

ratio between the DELSIM simulated events and the SGV simulated events, if the taggers

are not 
onsidered in the DELSIM simulated events. (b) Ratio between the sele
tion

eÆ
ien
ies for the DELSIM simulated events with and without the tagger 
ut. The

dashed line shows the average value for the eÆ
ien
y 
orre
tion fa
tor that is equal to 1,

if we 
ompare DELSIM and SGV eÆ
ien
ies (a) and equal to 0.97, if we use the tagger


ut for the DELSIM simulated events (b).
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¬
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N
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1
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e
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¬
 = 183 GeV
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Missing Momentum Polar Angle [o]
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DELPHI at √s
¬
 = 189 GeV

Square of Transverse Momentum / Thrust [GeV/c]2

N
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e
V

/c
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DELPHI at √s
¬
 = 189 GeV
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Figure 3: Distribution of (a) a
oplanarity, (b) energy of the most energeti
 isolated pho-

ton, (
) angle between the missing momentum and the beam-axis and (d) square of

transverse momentum with respe
t to the thrust axis divided by the thrust, after the

preliminary sele
tion des
ribed in the �rst paragraph of Se
tion 4. For the a
oplanarity

and missing momentum polar angle distributions it was also required that the square of

the transverse momentum with respe
t to the thrust axis divided by the thrust was above

0.75 (GeV/
)

2

and above 1 (GeV/
)

2

, respe
tively. The points with error bars show the

real data, while the white histogram show the total simulated ba
kground. The distri-

butions 
orresponding to the 

 ba
kground and the Bhabha s
attering are shown as

dark and hat
hed histograms, respe
tively. An example of the two body de
ay mode

~�

�

! �

�

+ J behaviour for tan � = 2, � = 100 and M

2

= 400 is shown in the upper plots

for ea
h variable.

11



Chargino Mass [GeV/c
2]

E
ff

ic
ie

n
c
y

 [%
]

DELPHI at √s
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Figure 4: Chargino dete
tion eÆ
ien
y as a fun
tion of the 
hargino mass for (a) 183GeV

and (b) 189GeV of 
entre-of-mass energies, 
onsidering only the two body de
ay mode

~�

�

! �

�

+ J . The bands 
orrespond to the statisti
al un
ertainties 
ombined with the

e�e
t of generating points with di�erent MSSM parameters M

2

and �, whi
h have been

varied in the ranges 40GeV=


2

� M

2

� 400GeV=


2

and �200GeV=


2

� � � 200GeV=


2

,

for tan � = 2.

12



Chargino Mass [GeV/c
2]

σ(
e

+
e

-  →
 χ

+
χ- ) 

[p
b

]

0.23

94.4

DELPHI at √s
¬
 = 183 GeV and 189 GeV

Figure 5: Expe
ted e

+

e� ! ~�

+

~�

�


ross-se
tion at 189GeV (dots) as a fun
tion of


hargino mass, assuming a heavy sneutrino (M

~�

� 300GeV/


2

). The dots 
orrespond

to the generating points at di�erent 
hargino masses for the MSSM parameters ranges:

40GeV=


2

� M

2

� 400GeV=


2

, �200GeV=


2

� � � 200GeV=


2

and 2 � tan � � 40.

At 95% 
on�den
e level assuming the 
hargino de
ays ex
lusively to �

�

J , the minimal


hargino produ
tion 
ross-se
tion in the ex
luded mass region is 0.23 pb and the 
orre-

sponding mass limit is 94.4GeV/


2

.
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Figure 6: Ex
luded regions in �, M

2

parameter spa
e at 95% 
on�den
e level for (a)

tan � = 2 and (b) tan � = 40, assuming M

~�

� 300GeV/


2

. The ex
lusion area obtained

with the ~�

�

! �

�

J sear
h is shown in dark grey and the 
orresponding area ex
luded by

the LEP1 data[22℄ is shown in light grey. The hole seen on plot (a) around M

2

= 50GeV/


2

and � = �120GeV/


2

is due to the low bran
hing ratio (below 5%) for the ~�

�

! �

�

J .
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