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ABSTRACT

In this work we calculate the neutralino decay in two different scenarios. In
the first case, we work in the context of trilinear R-parity violation (TRpV) and
we calculate the decay to three quarks. In the second case we work with bilinear
RpV and calculate the decay of the neutralino to leptons, bosons and quarks. In
both cases we present a program that calculates numerically the branching ratios
and final-state kinematic distribution. In the last section we show a couple of
figures and a table that ilustrate the results obtained with the program.

1. xo to qqq decay, trilinear case

The TRpV superpotential necessary for this calculation is the following:

Wrrp = NigpLiliEf + N LiQ; Df; + Ny Uf D5 Dy, (1)
We are going to work just with A" # 0. In this scenario we can calculate the xo — udd
decay through a virtual squark.

The different decay rates of the Neutralino are given by a standard three-body phase
factor multiplied by a squared amplitude which is averaged over the initial neutralino spin
and summed over the final fermion spins.
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It is useful to write this expresion in terms of the invariant masses
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Where |M|? depends just on m?2, and m2; as independent variables. The expresion for
M is obtained from the following expansion of \” term and the lagrangian of the MSSM
that contains the neutralino-squark-quark vertex [1]:
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where we have used the squark mixing matrix F{ R,L)ki and

Mmie = YiPris (10)
frRLi = ngka (11)
g;?fik = F{Zkzg + FLkzgxf (12)

To write the matrix element we use the following convention :

v = incoming lepton
voo— outcoming lepton
% — incoming anti-lepton
u — outcoming anti-lepton

and we calculate M from left to right. The resulting expression for |[M|? is
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Next we introduce the next quantities
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and obtain
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We can rewrite this result without the squark mixing-matrix, assuming squark mass

degeneraty and neglecting the quark masses, obtaining :
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with m?; = m2 — m3; — mf,. The minimun and maximum values of the independent

invariant masses are:
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1.1. xo rest frame

In the xo rest-frame we can use the following variables in analogy with [3]
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It is also useful to recall the following relation

ixi =2 (21)

with this, we can write |[M|? in the y, rest-frame as
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We remember also that the differential decay rate can be writter in the forms
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1.2. mj, rest frame

This frame is defined by the relation ps + p3 = 0. To describe the matrix element M
we use the variables m2; and cos @ [4], where 6 is the angle between the particle 1 and 2. In
this context we can write the following

mi, = E1FEy(1—cosb)
mf?’ = E1E2(1+COSQ)

my, = 2Ej
(24)
using 4-momentum conservation we have
Q* = mi, +mgy +mi
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Thus, the squared decay amplitude |[M|? is
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with the corresponding relution for the differential decay rate

or . or 2 (27)
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2. xo decay in bilineal R-Parity violation
The BRpV superpotential that we use is the following:
WBRp = GJA—J;IPAIZ (28)

In this superpotential we can see R-parity and lepton number violation in three gener-
ations.

At the end of this calculation we hope as a first goal to find the percentages that appear
in the paper [6] by means of a program that we heve written in Fortran, which are necessary
to simulate LHC neutralino physics. The final idea is obtain a program that lets us change
the BRpV parameters A; and ¢; and thus relates neutrino physics to LHC phenomenology.

2.1. Two-body x, decay

We first calculate two-body X decay in this scenario. The process that interests us is:

Yo — W (29)

it, is also possible and straightforward to calculate the following two-body decays that maybe
will be interesting.

XO—)Z/Z



Z — U1t
— VvV
— qq
wE - vt
W+ — qf (30)

For all of these processes the forms of the decay rates are the same, the differences just
appear in the calculations of the matrix element M. In general, we find that the vertex and
decay rate are:
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In the calculation of |[M|? just two different options appear. One is the neutralino-
lepton-boson and the other is the boson-lepton-lepton process. The corresponding results of
this matrix element are:

20, - .
M = (0 +0rPHTLERELE 4 py - po} = 3(0105 + 05 0)mum,
3
m?

2
M* = §(|OL|2 + |0&[*){ +po - pa} +2(0L0f + O;.0r)mams  (32)

To write these results in terms of the particle’s mass we choose as like reference frame
the rest frame of the father particle, in which we find that:

P = (mla 0)
b2 = (EQ, p_é)
p3 = (E 7_p2)

paf? = 2 (33)

In the implementation of the program, as in the three-body decay calculation we neglect
the masses of SM particles.
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2.2. Three-body x, decay

This case is more interesting than the two-body decay case, because in this case it is
necessary to calculate numericall the decay rate by means of some program. For this reason,
we are just going to show the differential decay rate in terms of the invariant masses.

The kinematic form for all three-body decays is the following (as in qqq decay):

ar 1 ,
R 34
dm2,0m3, ( m)332m3 SP;SM/” (34)
mi, = (pi+p;)° (35)
mis = (pj+ i) (36)
mi; = (pi+pr)’ (37)

where the indices 4, 7 and k identify the final-state particles.

The processes that we want to calculate are:

X0 lili

Viq;qk
1274% (38)

U

All these processes have an intermediate boson or scalar particle. In the first process we
have the bosons Z, W*, 89 P% S* as intermediate particles. In the second process we have
Z,8% PY G,. In the third process we have W*, S£ G, and in the last process Z, S°, P%. The
Feynman diagrams and the details of this process appear in [2].

The next step is to calculate the squared matrix element |M|? for each of these processes,
including quadratic terms and cross terms between different Feynman diagrams for each
process.

As in the two-body decay case, we calculate the process in general form, and in the
program we write all results explicitly.
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2.3. Quadratic terms, with intermediate vector bosons

We start with the quadratic term of the xo — [;,Z — [;l;l; process, where [ is any
fermion in the final state. The vertex and propagators have the following expressions:

Vi = i7,[OpPr + OpPg

Vo = 7,[07 Py + O%Pg]
1
(pj + pr)? —m?2 +im,T,

and the final form of | M|? is:

MP = (04 + 0RO + 103P) AL x
{01+ @ 1)1

@ )@ B )~ (@ 1)) pe)]
bl B @) )+ 2 ) 1)) (40)

This result is general in the following sense. In the case of the xo — W™ — Lil;lk
process, the corresponding matrix element is obtained if we change /; <+ [; and replace Z
with W7, in the equation shown above. We can do the same for the xo — W™ — ;11
process, where we must to change /; <+ [, and replace Z with W~ .

2.4. Quadratic terms, with intermediate scalar bosons

As before we start with the diagram that contains the neutral boson. Which in this
case is the process xo — liS,g — l;l;l;. The verteices and propagators have the following
expressions:

Vi = i[O Py + OxPg|

1
(p] + pk)2 - m?q + imsrs
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and the final form of |[M|? is:

IMP = 2(0LP + 05 (032 + 03P)As x (2 - L) - 1) (42)

To obtain the xo — [;S;} — lil;lx term, we must replace ; <> I; and S with S;.
In the xo — &S, — lLil;lx process we replace [; <> [; and SY with S,. In the process
Xo — lkGn — l;l;l;, we replace l; <+ [, and 5’2 with ¢,. And, in the process xo — l;Gn, — lil;li
we just replace SO with ¢,. The two last processes are a bit stranges but with the indicated
replacements there are no problems.

2.5. Vector-Vector cross terms

Also calculating the quadratic terms, it is necessary to obtain the cross terms betwen
the different diagrams that may contribute to the same decay. We chosse to start with
the boson-boson cross terms. We choice start with the term Z x W*. The vertices and
propagators for this term are:

V7?7 = i, [07 P, + O%' P
VZ = il,[0% P, + O&* Py
VIV = [0 PL 4+ OF' PRl

V¥ = il,[0] 2P, + OF*Pg]
1

(pj =+ pk)2 — mg + im,I,
1

(pi +pi)? —m2, +imy, Ly,

and the corresponding |M|? is obtained from the following expresion:

1
MP = (07010} 0} + 07 0RO} O} ™) Azt
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(g“ _ﬁ) (gp —W)xal?lgl?TT{’Ya’Yp’Y,BfYU’YerU’YJVM} (44)
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This expression when explicit written in terms of the four-momenta too bcomes compli-
cated, but in the program it is writen in full. We continue with the term Z x W, the forms
of the verteices and propagators are as before, although we must note that the propagator
the W~ is written in terms of the momentum (p; + p;) , for this reason just we write |M?
as.

1
ME = L7000} + OF 00N O™ A, Ay x

v PEPIN( o PPy
(gu _ﬁ) (gp _ﬁ)xazflglfTr{m%W%ws%} (45)
Z

w

To finish this section we write the expression for the W+ x W~ term. In this case it is
necessary to write the vertices and propagators again.

Vit = il,[0f' P+ Of' Pg]
Vit = 40,[04% P + O3 Pyl

Vi = i[O P+ Oy Pg|
Vi = il,[07*Py + O3’ Pyl
1
A =
! (pi + pi)?> — m% +im, Ty
1
A = —
(pi +pj)2—m% +im_T'_
(46)
and the corresponding |M|? is obtained from the following expression:
1
IMP = (0070, 0™ + O O 0 "0 ™) AL AL X
L, P . iy
(g“ - —;1;) (g” - )ﬂc U T r {0 Y ¥a Y Yo Yo Tu } (47)
+ —

2.6. Scalar-Scalar cross terms

We continue the calculation with the terms that include cross-terms between Feynman
diagrams with scalar boson as intermediate particles. We start with the term S0 x P. The
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verteices and propagators for this term are:

Ve o=

i[O P, + O3} Py
i[O32 Py, + O3 Pg|
i[OF Py + OF' Py

i[OF2 P 4+ OL? Pp|
1

(pj +pe)? — m? + im,l
1

(pj +pe)? — mf, + myply,

and the corresponding | M |? is obtained from the following expression:

|M|2 — 8(051051*+OIS{10§1*)(O€2052*+sz20£2*)A5A}kj %

(1)l - Ik)

(49)

We continue with the term S2 x S;F. Note that this term is equal to the term P? x S;F,
if we change S° <» PY. The vertices and propagators are:

i[O P, + 05} P
i[O72 P + O3 Pg|
[
[

i[O P+ O} Py

1 O‘L”PL + OEQPR]
1

(pj +pk)2 — mg + im, I,
1

(pi +pr)® —mZ +im, Iy

and the corresponding |M|? is obtained from the following expression:

M = 8(0510520F1 0% + 051050 05 As A, x
(CRAICE

) = (li- ) (@ - Ug) + (2 - 1) (L - 1))

(50)

(51)
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To obtain the term S° x S we must change in the above result the vertex terms,
propagators and exchange = <> [;. For the term S} x S, we must change I; <> [ and the
corresponding vertices and propagators. Note that the calculation of the cross terms that
involve ¢, do not introduce new terms because the calculation is equal to the cross terms
with S and S, contributions.

2.7. Vector-Scalar cross term

The last kind of cross term in the calculation of the matrix elements corresponds to
vector-scalar cross terms. In the aproximation of massless SM particles, the terms Z° x
SO(PY), Wt x S+ and W~ x S, are equal to zero.

So, the first non-zero term that appears in this sector is Z° x S;F. The vertices and
propagators for this calculation are:

VP = i, [0F' P+ OF PRl
Vo = in[07?PL+ OF Py
Vil = i[O} P+ OF' Pyl
VE = 4[Of*Py + OF* Py

Ae — 1
5T (pj + pi)? — m?2 +im,T,
1
Ap —
r (pi +pr)? —m% +im, Ty
(52)
and the corresponding |M|? is obtained from the following expression:
IM]? = 4(0F'0R0" 04 + 05 0F040F%) Az A
1
{26 1)t 1) = — (= 1)gla, 1, 2, 1)
1 1
g g by 2,1 = 55 (e (el o) | (53)

To obtain the term W+ x S9(PY) we change l; <> [; in the last result together with the
vertex terms and propagators. We continue with the term Z° x S, but this term is equal to
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the term Z° x S if we change x <> [;. So, the term W~ x S%(P?) is obtained from Z° x S
if we change l; <> l;. The last term that introduces new information is W' x S, because
the term W~ x S;I is obtained from this one changing = <+ I; and [; <> ;. Then, the vertices
and propagators are:

Vi = iy [0 P+ O PRl
Ve = iy, [0V Py + O ?Pg]
VP = 40Py + OR' Pg]
V¥ = 4[0;2Pp + Ox% Py

1

(pi + pr)? — m2 +imy, Ty
1

(pi +pj)> —m% +im_T'_

and the corresponding |M|? is obtained from the following expression:

|M|2 — 4(0}’?10}?20;1*0}—{2* + OEVQOZVZO}El*OZQ*)AwAt X
1
{2(:6 )i ) = — (w - g (2, L Ly, w)
1 1

(w- w)g(h, b, 3,17)} (55)

2
w

Remember again that the terms that involve § do not introduce new information. With
all of these terms we chave written a program that calculates explicitly the branching ratio
and final-state kinematic distributions of neutralino decays in the bilinear R-parity scenario.

3. To write the program

To write the program that caculates the different branching ratio it is necessary:

e To find the four-momentum products in terms of the invariant masses defined previ-
ously.

e To obtain the coupling constants for all the vertices.
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3.1. Four-momentum products in terms of invariant masses

This exercise is straightforward, but is very important to write correctly the program.
So, here we show all different four-momentum products that appear:

(-l) = 52 =@ L) =@ L) =@ )

(i) = 2 =@ ) =@l =@ w)

1) = T8 =) =(ol) =(:-2) (56)
@) = 25 =@es) =0

@) = BT ) =@ty

@i = BT S ) =k 7
(zrwh) = X =(rw7) =(w) (58)

3.2. Coupling constants

The coupling constants necessary to calculate all these decays are given in the program
coupling.f [8]. This program was written with the subroutines of the program Spheno.f [7]
where the couplings appear in the convention of the papers [2] and [5]. The interesting
coupling constants are:

e Neutralino-Neutralino-Z, Neutralino-Neutralino-(P)Scalar, Neutralino-Chargino-W, Neutralino-
Chargino-Charged Scalar
e Chargino-Chargino-Z, Chargino-Chargino-(P)Scalar,

e Quark-Quark-Z, Quark-Quark-W, Quark-Quark-(P)Scalar, Quark-Quark-Charged Scalar,
Quark-Squark-Neutralino, Quark-Squark-Chargino
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4. Results

In this section we show some results obtained from the program xdecay.f [8]. We start
with a figure that show the differential cross sections for four different kinds of neutralino
decay.

0.05 |
B X — Ttb -
0.04 — —
B X — vbb B
I :

0.03 — —

ar'/am23

0.02

0.01

0.00
20 40 60 80

m23 [GeV]

Fig. 1.— The endpoint of the curves correspond to the mass of the Neutralino, that in our
case is 80.0 GeV. The forms of the curves are explained by the different boson particles in the
intermediate states in each decay, which yields different forms in the products of the four-
momenta of the particles. The invariant mass mss correspond to the sum of four-momenta
of the last two particles in each decay.

Other results that we can obtain from the program correspond to the percentages of
the all decays necessary to simulate the phenomenology of the neutralino at the LHC. For
example, the percentage for neutralino decays in a scenario with a sugra point like in [6] are:
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BR(W*uF) = 0.13% BR(W*rT) =0.15% BR(qq'u~) = 0.017%
BR(qq¢'77) = 0.016%  BR(qqv;) = 0.21% BR(bby;) = 1.21%
BR(e*7Fy;) = 7.6% BR(u*tTv;) = 41.7% BR(rT7—1;) = 48.8%

These results show numerical differences with the results from [6], because there are free
parameters that may not have the same values. One of these parameters is the B; term,
from Lgop = —Bieieabing [5], that in our case have a value of 20 GeV for all i. The decay
length for the neutralino is ¢ = 0.47 mm. Further checks are in progress.

With the program is possible too obtain the distribution of the differential cross section
to diffenrent masses of the neutralino.

0.05
[ | | | | ]
vVTT 7
0.04 = 40 GeV
= 80 GeV n
0.03 —
ap) |
[AV:
E -
© i
~
o i
© 0.02 —
0.01 —
0.00 i L1 ‘ I \;
20 40 60 80 100 120

me3 [GeV]

Fig. 2.— This figure show the curves of xo — v77 decay for different mass of neutralino.
Note that both the endpoint and the pick of the distribution are dependent of the neutralino
mass.
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