: ndian Academy of Sciences Vol. 51, Nos 1 & 2,
-—journal of July/August 1998
physics pp. 123-133

An introduction to explicit R-parity violation

HERRBI DREINER
Rutherford Appleton Laboratory, Chitton, Dideet, Oxon OX11 0QX, UK
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1. Introduction

Until recently, R-parity violation {R,) has been considered an unlikely component of the
supersymmetric extension of the standard model (SM). In the past two years, it has
motivated potentially favoured solutions to experimentally observed discrepancies (e.g.
Ry, R., ALEPH four-jet events, HERA high (" excess). It is the purpose of this chapter to
present &, as an equally weil motivated supersymmetric extension of the SM and provide
an introductory guide. I start out with the definition of R, and the most sexious problem of
proton decay. Then T discuss the various motivations for R,, contrasting them with the R,-
conserving MSSM. Afterwards, T give an overview of the phenomenology of R,.

2. What is R-parity?

R-parity (R,) is a discrete muitiplicative symmetry. It can be written as [1]
Rp — (M1)3B+L‘E-QS. (1}

Here B denotes the baryon number, L the lepton number and § the spin of a particle. The
electron has R,= -1 and the selectron has R,= 1. In fact, for all superfields of the
supersymmetric SM, the SM field has R, = +1 and its superpastner has’ R, = —1. R, is
conserved in the MSSM, superpartners can only be produced in pairs (all initial states at
colliders are R, even) and the LSP is stable. When extending the SM with supersymmetry
one doubles the particle content to accomodate the superpartners and adds an additional
Higgs doublet superfield. The minimal symmetries required to construct the Lagrangian
are the gauge symmetry of the SM: Ggy = SU(3), x SU(2), x U(1)y and supersymmetry

! In general symmetries for which the anticommuting, parameters, #, transtorm noa-trivially (and thus
superpartners differently} are denoted R-symmetries. They can be discrete (R,,), global continnous, or
even gauged [2, 3], R-symmetrics can be broken without supersymmetry being broken.
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{(including Lorentz invariance). The most general superpotential with these symmetries
and this particle content (cf. Ch. 1} is [4]

W= Wussm + W, (2)
Wusem = IIZL,-.HJ.%' + r”l;j-Q;H1Dj - hg-Q,'Hzﬁj + uH Hs, (3)
ng == 'é‘)\fjklaiLjEk +)\£’-ijij;( -+ %_/\Zk UEDjDk + kL H. (4)

i,j=1,2,3 are generation indices and a summation is implied. L; (@;) are the lepton
(quark) SU(2), doublet superfields. E; (D;, U;) are the electron (down- and up-quark)
SU(2), singlet superfields. A, X', and A" are Yukawa couplings. The &; are dimensionful
mass parameters. The SU(2), and SU(3). indices have been suppressed. When including
them we see that the first term in Wp, is anti-symmetric in {1, } and the third term is anti-
symmetric in {j,k}. Therefore i 5 j in LJL;Ey and j + k in U:D;Dy. Equation (4} thus
contains 9427 49 + 3 = 48 new terms beyond those of the MSSM.

The last term in eq. (4), L, mixes the lepton and the Higgs superfields. In super-
symmetry {; and M, bave the same gauge and Lorentz quantum numbers and we can
redefine them by a rotation in (Hy, L;). The terms x,;L;H, can then be rotated to zero in the
superpotential [5]. If the corresponding soft supersymmetry breaking parameters B; are
aligned with the «; they are simultaneously rotated away [5, 6]. However, the alignment
of the superpotential terms with the soft breaking terms is not stable under the renorma-
lization group equations {7]. Assuming an alignment at the unification scale, the resulting
effects are small [7] except for neutrino masses [7,8]. The effects can be further
suppressed by a horizontal symmetry. Throughout the rest of this chapter, T will assume
the L;H, terms have been rotated away2

ng = AgkLngEk + )\;jkLinDk e X;k Z—]ijDk. (5)

Expanding for example the L L E term into the Yukawa couplings yields
Crrg = MplD), ehe’ + &L v + (@) ()¢l — (i )] + he. (6)

The tilde denotes the scalar fermion superpariners. These terms thus violate lepton-
number. The LD terms also violate lepton number and the UDD terms violate baryon
number. The entire superpotentiai (5) violates R,.

3. Proton decay and discrete symmetries

The combination of lepton- and baryon-nwmber violating operators in the Lagrangian can
possibly lead to rapid proton decay. For example the two operators L @Dy, and U DDy
(k # 1} can contribute to proton decay at tree-level via s-channel squark exchange. On
dimensional grounds we estimate

oAl el )
P(P — e’ WU) " llA—-4 1A Mgmton' (7)
Hldk

* The ambiguity on bounds due to rotations in (Z;, H1) space has been discussed in [9].
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Here af{X) = A?/{d). Given that [10] 7(P — em) > 103 yr, we obtain

- 2
77 Pk
Xy - Ny 5271077 (W) : (8)

For a more detailed calculation se¢ [11]. This bound is so strict that the only natural
explanation is for at least one of the couplings to be zero0. Thus the siraplest Supersymmetric
extension of the SM is excluded: an extra symmetry is required to protect the proton.

Tn the MSSM, R, is imposed by hand. This forbids all the terms in Wg, and thus
protects the proton. An alternative discrete symmetry with the same physical result is
matter parity

(Li-;Ei; Qi: fjh-Di) — '_(Li}Eh Qh UE-;DI')) (HluH.?) - (I:IhHZ)' (9‘)

This forbids all terms with an odd power of matter fields and thus forbids all the terms in
Wy, However, there are other solutions, which protect the proton equalty well. i baryon
nwmber 18 conserved the proton can not decay. Thus forbidding just the interactions
77,0,Dx is sufficient. This can be achieved by baryon-parity

(O U, D) — (G U, D), (Li:Ei:HhHl) — (Liji,Hth)- ' (10

This symmetry thus protects the Rroton put atlows for R, via the LiLjEk and LinDk
operators. If only the interactions UD;Dy are allowed and the proton is lighter than the
L.SP the proton is stable as well. This can he achieved by lepton parity

(Li, E) — —(L,E), (@i U, Dy, Hi, Ha) — (O, U;,D;, Hi Ha)- (11}

Baryon-parity and lepton parity aré two possible soluions to mainiain a stable proton and
allow for Rp. There is a large number of discrete symmetries which can achieve this [12].

4. Motivation

The symumetries discussed in the previous section were all imposed ad hoc with no deeper
motivation than to ensure the stability of the proton. On this purely phenomenological
Jevel there is no reason to prefer the models with conserved R, versus those with Rp.
However, this is not a satisfactory view of the weak-scale pictore. Hopefully, the correct
structure will emerge from a simpler theory at a higher energy predicting either Rp-
conservation or Rp.

Grand unified theories: In GUTs guarks and leptons are typically in commaon multi-
plets and thus have the same quantum numbers. The discrete symmetries protecting the
proton and resulting in Rp typically treat quarks and leptons differently and thus seem
incompatible with a JUT. All the same, several GUT models have been constructed
[5,13-15] which have low-energy R,. This is typically achieved by non-renormalizable
GUT scale operators involving Higgs fields. These opetators become renormalizable R,-
operators after the GUT symmetry has been broken. Such models have been constructed
for the GUT gauge groups sU(5) 15,141, SO(10) [14], and su(s) = (1) 113, 14]. They
have been constructed such that the only set of low-energy operators is LLE or LQD, ot
7DD, respectively. There 1s fwis no problem with proton decay. In order to ensure that
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only the required set of Non-renormalizable Oberators are allowe, additional Symmetries
are required heyond the GUT gauge group. This is trye for both Ry-conservation and R,.
Thus from 3 grand unified point of view there is no preference for either R, -conservation
or R,. .

String theory: In string theories unification can he achieved without 5 simple gauge
gtoup. There is thus ng difficulty in having distinct quantum numbers for quarks and
lepton superfields. Indeed Rj.;conserving and R, string theories have been constricted
[16]. At present, there does not Seem o be a preference a¢ the string leve] for either of the
two.

In both string theory and in GUTs, there is no generic prediction for the size of the Ro-
Yukawa couplings. This g analogons to the fermion masg problem, :

Discrete Sauge symmetries: There has beeq g further attack on this problem from a
slightly different angle. If a discrete Symmetry is a remnant of a broken £auge symmetry
it is called g discrete Sauge symmelry. Tt hag been argued that quantum gravity effacts
maximally violate a]] discrete Symimnetries unjesg they are discrete gauge symmetries {17].
The condition that the underlying gauge symmeiry he ancmaly-free can he transiated intg
conditions on the discrete Symmetry. A systematic analysis of a1] Zy symmetrieg [18] has
been performed. The result wag that only two Symmetries were discrete Bauge anomaly-
free: R, and baryon—pan'ty (10). Baryon—parity was slightly favoured since in addition 4t
prohibited dirension-5 proton-decay operators. [t has since been shown [19] that the aon-
linear constrajnts in [18] are mode} dependent thus possibly allowing an even larger set of
discrete Symmetries, )

Given the quantom gravity argument it is more appealing to determine the low—energy
structure directly from gauge symmetrieg instead of discrete Symmetries. This can
possibly even be connected with the fermion-mass or fTavour problem. This is an op-
going field of research and it is top early to draw any conclusions. I Just point ont that
gauged models with R, have been constructed [3, 6],

5. Indirect bounds

The R, interactions tan contribute to varjoug (Iow-energy) processes through the virtual
exchange of Supersymmetric particles [201. To date, al] data are in good agreement with
the SM. This leads directly to bounds on the £, operators, When determining such limits
one must make some simplifying assumptions due to the large number of Operators. In the
foHowiﬂg, we shall assume that one .Rp Operator at 4 time g dominant while the others are
negligible. We thug dg not include the sometimes very sirict bounds on products of
Operators, for example from 4 - €y {21]. This is an important assumption but pog
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unreasonable. 1t holds for the SM for example, where the top quark Yakawa coupling is
almost a factor 40 larger than the bottom Yukawa goupling. Since we do not know the
origins of Yukawa couplings, W& do not know whether this 15 2 generic feature.

Before presenting the complete bounds, ghall discuss one example [22] 10 show how
such bounds can be obtained. The operator LLLg,Ek can contribute t0 the decay T —7 el
at tree-level via slepton exchange. For jarge slepton TDasses, n(Ey), this interaction 18
described by an effective A-fermion Lagrangian (after Fierz re-ordering) 1221

Ml (s _

Lt = LL:EL (217" ver) (rLeT L) (12)
m

This has the same structure as the term in the effective gM Lagrangian and thus leads to ant

apparent Shift in the Fermi constant for tau decays- Considering the catio R, =TT evi) |
T{r— pyo), the contribution from K, relative to the $M contribution is 1221

_ LMy Wil l
R, = R.(SM) Kl ) g‘;’ (ﬂw @ )ﬂ (13)

Using the experimental value [10} Ry / R, {SM) = 0.0988% = 0.0071 we obtain the bounds

(2
\Alg,k\ < 0.04 (ﬁé—%) , {10’} k= 172,3, (14)

which are given in table 1. The strictest hounds on the remaiming operators are also
sumnmarized in table 1.

fable 1. Strictest bounds on Rp ukawa couplings for = 100 GeV. The physical
processes from which they are obtained are summarized 1 the main text.

ik e
121 .05 111 0.0t . 311 0.16* 112

122 005 112 0.02% 21z 0.09" 312 0.16 113 303
123 0.05et 113 0.02e4 213 0.09% 313 0.16% 123 1.25*
131 0.04" 121 0.035% 221 018 121 0.208* 212 1.25%
132 0.04° 122 0.06° 922 018 22 0.207 213 1.25%
113 0.004° 123 0207 3 0.18 323 0.207* 223 125"
31 0.05 131 0.035° 231 pa2t 331 0.26¢ 712 0.43%
93 0.05° 132 033 17 0398 332 0.268 313 0.43¢
233 0.05% 0.268 123 0.438

The hounds in table 1 are obtained fr g physical Processes: agharged current
universality (22,101 P evd) /LT — ) 22,10} chound on the mass Of i [5,23,24],
dpeutrinoless double-beta decay (25,26], ¢ gtomic parity viotation [27-291; fp° — D° mixing 30—
321, ng:I‘hnd(Za)/Fg(Zo) 133,201, b7 (i~ eB) LT po) (261, iBR(DT — Bt
BR D‘*Hﬁnﬁe*v“) 135,201, vy, deep-inelastic scattering [22), kBR{r -+ s} 135,201, theavy
nucleon decay [ty and ®n— R oscillations (34, 111

The bounds denoted by { are 2¢ bounds, the other bounds are at the 1 sigma level. The bounds
denoted by (#x) are OOt direct experimental hounds. ‘

The bounds denoted by * are pasedona further assumption about the absolute mixing in the (SM)

quark sector.
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The boundg are all given fo, m= 100 GeV apd they become weaker with increasing .
They each depend op Specific scalar mass and haye varioys functionga] dependenceg on
this magg,

At Mz /100 Gey (m3,/100 GeV)?(my /1 Tey)!/2
Mo AL, m,. /100 Gy m, /100 Gey

Ya Xy e 100 Gey A y/m; /100 Gey

—
)\ém Mz, /100 Gey ;2;{' V5, /100 Gey

For Al the dependence can be on ejthey My OF Ity « The bound iy table 1 iq Ziven for
m(g) = 1Tey. For A7 Ao, Aty e and Aoy OBe mugy consult the appropriate
references gineg the dependence is only pivey Mumerically, The bounds o, A2 113 From
heavy micleon decay and 5, - # oscillations have Very strong mags dependenceg [11].

/
’\Hl

the bound from po _ ot mixing, I have updated the bound from [32]to inchide 3 lattice
calculation of {317 Bp and 4 more updated value of £, [301. 1 have glgq included 5 10%
CITOT [0 accouny for the quenched approximation, The ** bounds are obtained [37. 117
from the equiremeny thay the Rp~coupli11g femains withip the Unitatity boypg Up to the

Current eigenstateg, Such g Syminetry coyjd then give 1g a single dominant Operatar, for
example

LDy = A (~epurdy + Vadpdy . ). (16)

Below the electroweak Scale the quarks become massive and we 'HUSt rotate thep g
their masg eigenstate basig, {The Squarks mygt Separately ajso pe rofated by 4 different
rotation by that is pet relevant 1o these bounds,) In (1) there are then Separate rota.
tions: 4, —+DL,-d.j’L and g, ‘9&{1,:5:}{[' which generate extra R, terms Suppressed by mixing
angles [38],

For the Quarks we do 0ot know e absolyte mixing of the down~quar1( sectoy, Dy,
or of the Up-quark sector iy and thyg do not know by how much to rotgte the up- apg
down-quark Current eigenstates. The relatiye mixing of these twq Sectors is given by the

1 thank Gautam Bhattacharyya for Providing e with updafes ot the bounds resulting figp, Ry
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CKM-matrix 110} of the g, If we assume the relative rotation i8 solely due fo an
absolute MixINg in the up-guark sector (Dy = 1) the best bounds are {hose given 1l table
1. Those denoted by © are speciﬁcaﬂy based on this mixing assumption. If however the
relative mixing is solely due o absolute MixIng in the down-quark sector Uy =1 the
P — D mixing bounds no Jonger apply. There are then signiﬁcantly stricter bounds on
many couphings from measurerents of Kt — a i decays 1321

Ny < 0012, (90%CL), 173 (17

For table 1 we have adopted the conservative estmate {hat the mixing is solely due to the
up-quark gector since We do not know the absolute Tixing. We therefore did not include
the bounds ans :

§. Changes to RP-MSSM

On the Lagrangian level the only change to the RP—MSSM is the inclusion of the operatois
in Wg, which give pew {epton- and baryon number violating Yukawa couplings. There are
geveral changes in the phenomenclogy of supersymmetry due to these couplings [381.

1, Lepton- ot baryon-number is violated as discussed in 83

2. The LSP is not stable and can decay in the detector. it is no longer & dark matier
candidate.

3. The neutralino is not necessarily the LSE

4. The single production of supersymmetric particles is possible.

2. T for example the neutralino is the LSP and the dominant R, operator is L @aDy it
can decay to ab electron and two quarks at ee-level. For 1.§P= 7 the decay rate is
139, 40]

5
i
3ahy MX‘\’

Ts= =545 18
' 1287 't { )

The decay 0ccuts in the detector i everi) <1m,or

7 2 7100GeVY
Vo 141070 _m . 1
i > e (200 GeV M (19)

where g is the Lorentz boost factor. This 18 well below the bound of table 1. Recall also
for comparison, that in the SM Yukawa couplings can be very small: for the electron
h=3" 1076, We have presented these numerical results for a photino fof simplicity and
clarity. The £l analysis with a peutralino LSP has been performed (41,421 1 jnvolves
several subtleties due to the RP—MSSM parameter space which can have significant effects
on the lifetime. Due to the LSP decay, supersymmetry with broken Rj, has 0o natural datk
smatter candidate.

e

4There is possible 1oop-hole. The symmetry at the high cnergy scale could just produce such a
combination of couplings that is rotated to one single dominant coupling at 1ow energy. Afier all, it
is possibly the same symumety which produces the single domsinant quark Yukawa couphing in the
gM. However, 1 do not adopt this philosophy here.
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3. In the R,-MSSM the Stable LSP gt be charge and colour neutral for cosmological
reasons (cf, Chapter 15). In the Ro-MSSM there is po preference for the nature of the
unstable LSP. It cap pe any of the following’

LSP e {0 x¥ 5, 1,0, 5}, (20)

In each cage the collider phenomenology can be quite distinct. :
4. In the R,-MSSM there are resonant and non-resonang single particle production

mechanisms, The esonant production mechanisms gre

et 4 o Ty, LLE, (21)
€ iy dy, LiQ:Dy (22)
e +dp - iy, LoD, (23)
by 4 dy & L0, Dy, (24)
G +di — 5y, LoDy, (25)
7 gij — (.!R,r(, U,-DJ,-D,h (26)
&+ dy lg;, U.D,D,, (27)

These brocesses can pe realized g¢ e*e‘-colliders, at HERA, apd at hadron colliders,
Tespectively. There e many further t-channej single spartice bProduction brocesses. For
example at ap e“'e“~c0Hider, We can have o+ 4 - — 04 i Via f-chanpe] selectron
exchange. The f-chapne ©xchange of Squarks (sleptons) cap also contribuge 1o g3 (¢7) pair
Production, leading to indirect bounds [44).

99,88 = g+4. (28)

In R,, once Produced (he Squarks decay (o ap R, even final stare, Let us Consider g
dominant LiLiE; Operator. The couplings Ay are bounded ¢ be smalley than gauge

*The stop is listed sepatately singe jt has a special theoretica) motivation [43] and leads tg quite
distinct phenomenology given that the top quark iy g0 heavy,
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Table 2. Gquark mass bounds {rom the Tevatron for yarious dominant R p-operators
145].
Ll,?,Ql‘ZDku LLZLE&EZ% LilzEa LaalaErz
My 100 GeV 100GeV 140 GeV 160GeV 175 GeV

couplings. Thus we expect the squarks to cascade decay to LSPs a8 in the MSSM. The
LSPs in tarn will then decay via the operator LiL;Ey to tWO charged leptons and a neutrin®
each. If each squark decays directly to the LSP (assuming it is the second Lightest)

qq.88 T U {5y - adt ity (29)

We therefore have 2 multi-lepton signal which 18 detectable (45]. To date it has not been
searched for with Rp I mind. Howevew before the 0P quark discovery there was & pound
from CDF on @ di-lepton production cross section. Making corresponding cuts and with
some simple assumptions this can be translated into @ bound on the rate of the process
(29) and thus 2 lower bound on the sgquark mass 1451 The assamptions are; (1)
RR{G — Ag) = 100%, (mg < mg), (i) LSP== & with Mz = 30GeV, (i) A M satisfy the
bound (19). For yarious dominant operators the bounds are given in table 2. No attempt
was made 10 consider final gtate '8 due O 1ack of data. These bounds ar¢ comparable 0
the RprSSM squark mass bounds. Since. the theoretical anatysis has been improved {0
allow for peutralino LSPs, moie involved cascade decays and the operator 7DD (38,461
However, to date 10 experimental anatysis has been perfonned.

7.3 Resonant squark production at HERA

HERA offers the possib'ﬂity (o test the operators Ly ij)k via resonant squark pmduction
@47’

et rdp— W (€7 + di X3+ WX T iy, (30)
ot bty di = (e++aj,ﬁe+aj,>z? - (31)

We have inciuded what are most tikely the dorminant decay modes. The peutralino and
chargino will decay as

I GO R GRS (32)

The peutralino can decay to the electron or positron since it is a Majorand fermion. We
are thus left with several distinct decay topologies- (1) If the squark 18 the LSP it will decay
to " +q or Ve + g (&k). The first looks just like neutral current DIS, except that for
xpj gy s it results in a flat distribution 18 Ye whereas NC-DIS gives a 1 Jy* distribu-

tion. The laiter 1ooks just ike CC-DIS. (i) f the gauginos are lighter than the squark the
gangino decay will dominate [42). The clearest signal is 2 high pr electron which is

I

6 HERA. has accumutated mMOst of ity data as @ positron proton collider.

T The gaugino decays could be suppressed by phase space or by partial cancellations of the
neutralino couplings [41,48].
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Table 3, Exclusion upper limits 4 95% CL o Aly for mg) = I50Gev apg

s o ) . Uk .
m.(x?) =40GeV for two different dominany admixtureg of the Nettraling,
— o ———

/\! /\" /\I )‘,‘7 /\J ’ /\f /\I‘ /\I

i .112 H3 131 122 13 13i 133

F-like 0.056 0.14 (.18 0.058 0.19 0.3¢ 0.06 0.22 0.55
= [} .

2 -like 0.045 0.12 0.135 0.048 0.16 .26 0.05 0.19 0.48

essentially backgroung free. The high p, Positron or 1he missing p, of the neutrine can
also be Searched for.

All five signals have been searcheq for by the 13 collaboratioy [497 in the 1994 oF daya
(L=1283 pbh. The observationg were it excellen; agreement wiy the SM. The result-
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