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Neutralino decay rates with explicit R-parity violation
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We compute the neutralino decay rate in the minimal supersymmetric standard model with the addition of
explicit R-parity violation. We include the complete squark and slepton mixing matrices, previously neglected,
and we improve and correct published formulas. These decays are relevant to accelerator and nonaccelerator
searches for R-parity violation, and are especially interesting in light of the reported high Q% anomaly at DESY

HERA. [S0556-2821(98)04105-8]
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In the minimal supersymmetric standard model [1], a dis-
crete symmetry called R-parity is invoked to forbid gauge
invariant lepton and baryon number violating operators. The
R-parity of a particle is given by R,=(—1)*"*5"3% where
L and B are the lepton and baryon numbers, and S is the
spin. Standard model fermions, Higgs bosons, and gauge
bosons have R,=+1, while their superpartners have R,=
— 1. This symmetry guarantees the stability of the lightest
superpartner (LSP).

There is no deep theoretical motivation for imposing R-
parity, and it is an interesting exercise to explore the phe-
nomenology of R-parity violation [2]. We introduce explicit
R-parity violation by adding

Wh =NLLE‘+\'LQD+\"U*DD* (1)

to the superpotential. The first two terms violate lepton num-
ber, and the third violates baryon number. The LSP can now
decay into standard model particles.

In models where supersymmetry is broken by supergrav-
ity, the LSP is usually the lightest of the neutralinos, which
are superpositions of the superpartners of the neutral elec-
troweak gauge bosons and the superpartners of the neutral
Higgs bosons. R-parity violation allows the neutralino,
which is a Majorana fermion, to decay into three standard
model fermions (see Fig. 1).

Neutralino decays are relevant to accelerator searches for
R-parity violation, especially resonant squark production
[3.4]. Astrophysical neutralino decays are also of interest,
and can put strong constraints on the R-parity violating cou-
plings [5].

It is interesting to note that neutralino decays may be
relevant to the reported high Q% anomaly at the DESY ep
collider HERA [6]. The anomaly is an excess of events with
a positron in the final state at high Q2. One interpretation [7]

is resonant production of a squark # in e*d— u due to an
LQOD¢ term in the superpotential. The squark may decay
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back to a positron via the R-parity violating operator or may
decay into x’u and the neutralino x° then decay into a pos-
itron by an R-parity violating interaction. This scenario
awaits confirmation, such as from related charged current
events [8].

The calculations of neutralino decay rates into fermions
are subtle because they involve both Majorana fermions and
fermion-number violating operators. To our knowledge, only
one calculation is available in the literature [4], and it ne-
glects sfermion mixing. We improve this calculation by in-
cluding the complete sfermion mixings and we find some
small but significant differences.

The differential decay rate of the neutralino is given by a
standard three-body phase space factor multiplied by a
squared amplitude which is averaged over the initial neu-
tralino spin and summed over the final fermion spins. We
denote this spin sum by a primed summation symbol:

IT _omy E, M2 5
&xl&x2_256773spm5 M. 2)

Here x,,=2E,,/m, and E,, are two final state fermion
energies.

In the following we present the calculation of the spin
averaged squared amplitudes for neutralino decay. We first
consider the U°D°D® term in the superpotential, followed by
LOD¢ and finally LLE®.

fk
FIG. 1. Typical diagram for neutralino decay into standard

model fermions via sfermion exchange. The R-parity violating ver-
tex is circled.
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To calculate the U°DD¢ decay, we first obtain the Feyn-
man rule for the R-parity violating vertex. Writing all indices
explicitly the superpotential reads

Wupp=€ '87[)\

ijk tcaDjBDC ] (3)

where Uj,, Djgz and Dy, are the superfields of the right-
handed quarks (and squarks) respectively, the superscript ¢
denotes charge conjugation, i, j, and k are generation indices
and «, B, and y are SU(3).. triplet indices. It follows from
the antisymmetry of €*#? that \/ ;x 1s antisymmetric in the
last two indices, thus there are 9 couplings for three genera-
tions. The superpotential can be written as

Wypp=2€"PIN] U, DDy, (4)
with k>j. The Lagrangian that follows from the above su-
perpotential contains

Lypp> — 26“'377\;']%[ I;Ria;fﬁ 771?;/"‘ dRipMin 77%
+d iy Min sl HHe., (5)

where 773 is the right-handed component of the down-quark

with generation index i and color index a, and dp;, is the
squark associated to it. To pass to four-component notation
we use the relation 7, 7,= ¢ Pz, with Pr=(1+ys)/2.
We obtain

’CUDDB _2faﬁy)\ k[”Rla BPde,y+ dR]BM Pde,y

+de,yu PRd B]‘l‘HC (6)

The sfermion mass eigenstates f,, with k=1, ... ,6, are
related to left- and right-handed sfermions through the 6
X3 mixing matrices I';,; and '], where i=1,23 is a
generation index. Without mixing, k=i is a left-handed sfer-
mion with generation i and k=i+3 is a right handed sfer-
mion with generation i. In general, the sfermion mixings are
given by

JTK:F{eKiJTRi‘"F{KiJTLis (7)

with inverse

fRi:F{?iifK7 fLi:F{tifK- ®)
Note that there is only a left-handed sneutrino, so there is
only a left handed mixing matrix and k=1,2,3. In the simple
case of no flavor mixing but with left-right mixing, the only
nonzero elements are

F{ii = Fj;e(i+3)i =cosby,
Chii= _F‘Z(Hs)izsmaf’ ©)
where 6, is the left-right mixing angle for sfermion f.

Inserting the mixing matrices into the previous Lagrang-
ian, we have

d
‘CUDDB _Zeaﬁy)\”jk[rsétz Kad Pdey FRikc] KﬁuzaPdey

+T9% d . uS Prd;g]+H.c. (10)
Rkk R%jB

kylia

The R-parity violating vertices are read directly from this
Lagrangian.

We also need the neutralino-sfermion-fermion vertex. It
comes from the interaction term

E)(ffsX(ngKPLJ’_ngKPR)fIaf* +HC (11)

where i is a fermion generation index, « specifies the sfer-
mion mass eigenstate, and « is a color index. The couplings
are

A _ RA LA
g)(fik_rfekigxfi_‘—rjlikigxfi’ (12)

where A can be L or R and

gt =—\2l(q~T)e' Ny +TsgNyl,  (13)
gmuI-Nx4
g)(u _gl)iﬁ - (14)
\/Emwsm,B
gmaNys
RL __ i
gy =8y =" = (15)
Xd X \/Emwcosﬂ
gnr=+2q.8' Ny (16)

Here T is the third component of the weak isospin, N;; is
the 4X4 neutralino mixing matrix in the convention in
which all neutralino masses are positive, u is an up-type
quark or neutrino (73=+1/2), and d is a down-type quark
or charged lepton (73=—1/2). The charges are g,=2/3,
q.,=—1/3, q,=0, and g,= — 1. Notice that the only surviv-
ing neutrino couplings are g)L(ﬁ

We can now obtain the full expression for the decay am-
plitude. In order to get correct signs for the interference
terms we use Wick’s theorem. The effective operator for
neutralino decay is

Tx— i, d,d;)= 2PN,

X[X(GRLPL+GRRPR)M d5gPrdy,

ra™ gy

+ X(GRLPL+ GRRPR)d Ui Prdyy

+X(Gg P+ Gy Pr)diyui, Prd;gl, (17)

where
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Gir=3 TRAT 85 (18)

A and B are either R or L and AfKZ(pz—mzf

+im fKF fK)*l is the sfermion propagator. In the case of no
sfermion mixing, 0f=0, we find

Gi' =A% g3 (19)

In all cases G* corresponds to a fermion and G corresponds
to an antifermion in the decay amplitudes. The rates for the
charge conjugated decays are found by complex conjugating
G and G* everywhere in our expressions for the spin
summed squared amplitudes and thus are identical.
Suppressing color wave functions, we obtain the follow-

ing amplitude for the decay xy— u;d ;d;:

X IMx— u;d; d)|2=8c N

- ijk
spins

XRe{d; d [ (|G ?+ |G x - u+2GE"GE *m m, ]

+u-di[(|GE P+ ]G P x-dj+2G g G *mym, |

+u-d[(|Gy P +]GEH P x-di+2G g Gy mymy, ]

M(x— e, ;@) = in &, T T )=~ 200,

— RL RR —

X[UX(GMi PL+GM[. PR)Uu[“deRUdk
— RL RR —

“u Gy PLt Gy PR)va iy Prug,

+l)_X(G{j,fPL_'—Gld?fPR)Udku_uiPRvdj]s
(20)

where u; and v are the usual particle and antiparticle Dirac
spinors associated with quark f. Notice the minus sign in the
second term in brackets, which comes from Dirac statistics.
It is comforting that the same relative sign is obtained from
the familiar Feynman rule of the sign of the fermion permu-
tations: the first term has the fermions in the order
(X,u,»,dj,dk), the second in the order (X,dj,u,»,dk), and the
third in the order (x,d, ,u;,d hE The second and the third are
odd and even permutations of the first. This confirms the
relative minus sign for the second term.

Squaring the amplitude, averaging over the two spin
states of the neutralino, and summing over the final antiquark
spin states, we obtain

~ GG g(u.dy . d; x) = GG (dy dyymym, — GLR Gl (dg-w)mymg = GGyt * (x- d)m,my,

— GIRGER* g (1, 3)— GREGER* (dy dyym = GERGEE* (- d g~ GRLGEL (- d gy,

=G Gy 8(dyudy o xX) = G Gy M (diwmymy = Gl G (d;wymymy = Gar Gy ™ (x-wimgmg }. (21)

with the color factor ¢,=6, and g(a,b,c,d)=(a-b)(c-d)—(a-c)(b-d)+(a-d)(b-c). Particle four-momenta have been
denoted by the particle letter and unambiguous indices have been suppressed.
The calculation of the LQD® decays is very similar. The superpotential is

WLQD: e(rp[)\i,jkLiijpaDia]’ (22)

where o and p are SU(2), indices and « is an SU(3), index. Suppressing color wave functions, we obtain the Lagrangian

ELQDB )\l’jk[ngCﬁPLuj'i_ JLjd_kPLet—}_J;ke_lc_PLuj_ ;LlCﬁPLdJ_JLJd_kPLV,_J;kV_lC_PLdj]‘FHC (23)

We have used the identities & 7,= i, P i, and & & =P i, to pass to four-component notation. Here there are 27
couplings for three generations as the coupling matrix is unconstrained by symmetry arguments.
After introducing sfermion mass eigenstates through Eq. (8), multiplying by Eq. (11), and using Wick’s theorem, we obtain

the following amplitudes for the decays x—e; u;d; and x— v;d ;d; :

M(X—’e;r“_jdk):_)\z{jk[U_X(GﬁiLPL+GngR)Ue,.u_d,{PLqu_U_X(GIJI.LPL+GﬁfPR)quu_dkPLUei

+Jdk(G§f*PL+ Gg:*PR)uX:Te,_PLuuj], (24)
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= — ~LL — — ~LL LR — —  ~RR RL —
M(x—v;d -dk)=)\i’jk[vXGVi P, u Prog— vX(Gdj P+ Gdj PR)vdjudkPLv vt ug(Gg *P+ Gy, *Pruu V,-PLUdj]-
(25)

The matrix elements squared then follow as

Sp%: |M(X_>ei+u_jdk)lzzch|)\i,jk|2

X Re{e-d[(|GEH2+|GER*) x - u+2G',;LG$R*meu]
+u-el(|GFHP+|GE P xd+2Gg" Ggtmym,]
Tu-dl(|G P H|G P x e +2G G mym, ]
- GﬁLG{jRg(u,e,d,X) - GﬁRGgR(e d)m,m,— GﬁLGsL(e UM ymy— GﬁRGgL(x- e)ym,my
— GiLGﬁL*g(e,d,u,)()— GﬁRGﬁL*(e-d)meM—GﬁLGfR*(u-d)mxme— GiRGfR*()(-d)mume
(26)

— GG g(eu,d, x) = GEH* G (e uymymg— G FR*G LR (d-uymym, — G {H* GE* (x-uymgm,},

qp%: |M(X—> ;iCTjdk)lzzchp\i’jkP

XRe{v-d[(|Gg 1> +|Gg 1) x- d+2Gg Gg Fmymy ]
J J J J

+d- v[(|G§kL*|2+ |G§f*|2)x-d+2G§:‘*G§fmxmdk]+ d-d|G" > x-v

— G Gas(d.v.d.x) =G Gyl (v-dymymg = GgrGar(v- dymymy = Gl Gar(x- vimgmyg,
(27)

—GﬁjLGﬁL*g(v,d,J,)()—Gst,L,L*(V-d)mxmdj—Gsf*GﬁL*g(v,cT,d,x)—GSf*GﬁL*(V- J)mxmdk},

where now the color factor is given by ¢ =3 in both. Note that in Egs. (26) and (27) for the LQ D processes the factor in front
is 2, not 8 as in Eq. (21) for the UD“D* processes. This is because the UD“D¢ process is identical for N[}, and N}, ;, whereas

each element of the LQD* matrix A l’ ik gives a unique channel.
The calculation of the LLE decay is very similar to the LOD® case. From the superpotential

Wire= Eap[)\ijkLirrLjpEz]s (28)

we obtain the Lagrangian
(29)

‘CLLEB Zhijk[eLiekPLVj-F VLjekPL€i+ eRkeiPLVj VLiekPLej eLjekPLV,- eRkejPLV[]+H.C.,

where j>i by the same antisymmetry argument as in the U°DD¢ case. Again there are 9 couplings for three generations.
Passing to sfermion mass eigenstates and using Wick’s theorem, we obtain the following amplitude for the decay y
—e; Ve :

M(X_>81+ 17}6,:)=—2)\,jk[v_x(Gé‘lLPL+ GéiRPR)Ueiu_ekPvaj_U_)(GﬁfPvaju_ekPLvei
(30)

—  RR RLs —
+ uek(Gek *Po+ Gek *PR)MXuel—PLUle

The matrix element squared is
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E, |/\/l()(H"’i+ ;jek_)|2:8|)\ijk|2

spms
XRefe- V(|G P +]GL ) x- e +26. G mym, ]
+e-e|GEPx-v+e- V[(|G§kL*|2+ |G§kR*|2))(~e+2G§kL*G§memek
—Gé‘iLGﬁL*g(e_,e,v,)()—Gé‘feGI,jL*(e- V)meE[—GﬁiLfog(e_, v,e,X)—GﬁffokL(X- v)m, m,.

- Gfl_RGfkR(e . V)mxme,-_ GéiLGka( e- v)meek— GﬁLGfkRg( v,e,e,x)— GIL,LGka( V- e_)meek}. (31)
Again, there is a factor of 8 instead of 2 due to the fact that \;;; and A ;;; allow the same process. Note that if i>j, the
amplitude gains an overall minus sign, but the squared amplitude is identical.

In the limit of no sfermion mixing, we can compare our results with those of Butterworth, Dreiner, and Morawitz [4]. We
differ in several respects. In all three types of decays we keep complex conjugations in the couplings, which are crucial when
the neutralino mass eigenvalue is negative, and we do not have the global phase space factor of 2(1 —m%/E%)*”2 which
appears in their rates. Our LLE and U°D°D¢ decay rates are a factor of four larger than theirs, due to the fact that each
channel is duplicated in the coupling matrix which doubles the decay amplitude. Finally, we find that in the U°D°D* decay
their couplings a and b are exchanged, in other words gauginos and Higgsinos are exchanged, and that in some instances,
particles and antiparticles have been confused (because the a’s are the same for particles and antiparticles but the b’s differ).

Together with Dreiner [9], we have agreed that the formulas in this paper are the correct ones. An erratum to [4] will be
published elsewhere [9].

In conclusion, we have computed the neutralino decay rate in R-parity violating extensions to the minimal supersymmetric
standard model. For the first time we include complete mixing among sfermions. Our results supersede previously published
calculations [4].

We thank H. Dreiner for taking the time to compare with our results and for comments on the manuscript. This research
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