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The minimal supersymmetric standard model (MSSM) consists of a supersymmetric
extension of the standard model, with the addition of a number of dimension 2 and di-
mension 3 supersymmetry-breaking mass and interaction terms. It is well known that the
MSSM is not, in fact, the most general renormalisable field theory consistent with the
requirements of gauge invariance and naturalness; the unbroken theory is augmented by
a discrete symmetry (R-parity) to forbid a set of baryon-number and lepton-number vio-
lating interactions, and the supersymmetry-breaking sector omits both R-parity violating
soft terms and a set of “non-standard” (NS) soft breaking terms. There is a large litera-
ture on the effect of R-parity violation; a recent analysis (with “standard” soft-breaking
terms) and references appears in Ref. [[ll]; for earlier relevant work see in particular [B]. The
need to consider NS terms in a model-independent analysis was stressed in Ref. [B]; for a
discussion of the NS terms both in general and in the MSSM context see Ref. [{], [H], and
for model-building applications see for example Ref. [f]. For application of NS R-parity
violating terms to leptogenesis, see Ref. [[], and for a review of general soft breaking see
Ref. [§].

In this paper we describe the renormalisation of the most general possible softly-
broken version of the MSSM incorporating both RPV and NS terms. It is interesting that,
as we shall see, with the generalisation to the RPV case the connection between the NS
terms and cubic scalar interactions involving supersymmetric mass terms is not universal.

The unbroken N = 1 theory is defined by the superpotential

W =W + Ws, (1)
where
W1 == YuQUCHQ + YdecHl + YeLecHl (2)
and
W = L(Ag)e°LL + 1 (Ap)u®d®d® + (Ap)d°LQ. (3)

In these equations, generation (i,j---), SUs(a,b---), and SUs(a, 3---) indices are con-

tracted in “natural” fashion from left to right, thus for example
Apd°LQ = eab(AD)ijk(dC)mL? bar, (4)

For the generation indices we indicate complex conjugation by lowering the indices, thus
(Ya)ij = (YJ)”



We omit possible mass terms Hy Ho and LHs because, as we shall see, the consequent
terms in the Lagrangian will be included as a special case of our general structure.

We now add soft-breaking terms as follows:

3
Ly=) mi¢ ¢+ |miHiHy+ > MM +hec.
¢ i=1
+ [hyQu°Hy + hgQd Hy + heLe°Hy + h.c.],

Ly =mpH{L +m5 LHy + thge°LL + Shpu®d®d® + hpd°LQ + h.c.,
Ls = mypy, Y, + RsH5 Le® + Ry H5Qd° + RoHy Qu° + h.c.,
Ly =my g, + RiL*Qu® 4+ RoH1H5e® + Rau‘e®d™ + %R4QQdC* +h.c.
Thus Lj..4 correspond to SRPC, SRPV, NSRPC and NSRPV respectively, where
SRPC = Standard R-parity Conserving etc. All the scalar terms in Eq. (f]) were first

listed (as far as we are aware) in Ref. [[. It is easy to verify that if we set my = p,

e (Ru)! = mr(Y)",  (Re)' = rj(Ye), Rs=Ry=0,
(Rs)" = —p(Ye)” + ri(Ap)™™, -
(R7)" = —p(Ya)” + ri(Ap)™™,
(Ro)” = u(Ya)”,

and

2 2 2 2, i 2 i i 2\i i

my =p°, my=p°+ kKK, (mL); =k'K;,  (mR) = pk, @
2 2 2 2 2 2

m3 = hydgev,p, g =M; = mg = Mee = Mge =M mi =0,

ue
then the theory becomes supersymmetric, with mass and interaction terms corresponding
to the inclusion in Egs. (B), (B) of the terms uHiHs and kL Hs respectively. (We have
assumed for simplicity that p is real). This limiting case provides a useful check for our
results. We have separated the soft terms into Eqs. (i), ([1) because those appearing in
the latter do not contribute to the g-functions for those appearing in the former. Note
that, as we indicated earlier, we have two interactions (R34) which cannot be generated
by supersymmetric mass terms. These interactions violate L, B respectively; thus we may
expect their phenomenological consequences to be comparable to hg, p and hy respectively.
In Ref. [{]] we gave the general results for the one-loop soft S-functions incorporating NS
soft terms, and corresponding results for the MSSM in the RPC case. Here we generalise

the latter results to include RPV, and take the opportunity to correct some errors in
Ref. @]



The various one-loop anomalous dimensions were given in, for example, Ref. []; we

reproduce them below for convenience (we suppress a 1672 loop factor throughout):

(70)h = (Yo) " (Ye) sk + (Ap)P™ (AR)kjm + 3(Ap)*™ (Ap)kjm — 2CH 0,

(Yee)s = (Vo) (Yo s + (Ap)™ ™ (Ag) jkm — 2Cecd%,

(7Q)5 = (Ya)™ (Ya)jm + (Yu)"™ (Yu)jm + (AD) "™ (AD)gm; — 2Cq 5,

(Yae)s = 2(Ya)™ (Ya)mj + 2(AD)"™ ™ (AD) jem + 2(A0)*"™ (Av)kjm — 2Cqe 6%, -
(Yue)s = 2(Ya) ™ (Ya)mj + (Ao)) ™™ (A ) jkm — 2C e

Ce =

The one loop results for the various R-terms follow from Eq. (2.6) of Ref. [f] and are

given as follows:

(YLR(RDE + (7Q) i (RO + (ue Vo (ROR™ + (Yra, )k (Ro)” + 4CH (Ry)}?
+ 6(R1) 7 (Ya)im (Ya) 7 + 2(Ye)km (Ya) " (Rs)]™ — 2(Ra)3 (A )ik (Ap)™™
— 2(AD)ikm (AD)™ (R1)7 + 4(AD) ik (A )™ (Ra)1™ = 2(A D) (Ya)? (Rr)™
= 8(m )k Crr (Yu)” + 2(R9)"” (Ap)mra (Ya)™
— 4my (Ya)"™ (Ya)” (AD) it + 4(mr)n (Ya)? (AD) ™™ (AD) it (10a)
(Bry)' = (va, +vm.)(R2)" + (Yeo )i (R2)* + (voa, )k (R5)™ + 4CH (Ry)'
+ 2(Ra) " (Ye)” (Ye) jie + 6(Ye)* (Ap)uji (Re)*™ + 2(Rs)™ (Ye )" (Ag)ijn
+6(Y)"*(Y, )13(33)” 8(m.);Cr (Ye)", (100)
(Bra)i = (e )i (R3)i] + (vee )] (B3)i! + (ae ) (Ra)i + 4Cae (Rs)!
+ 4R [(Ya)mr(Ye) + (AD)knm (Ap)™] + 4(Ra)? (Ya)u (V)"
— 4(R3) 7 (A0 )ik (M) ™ — 4(R5)™ (Vo))" (AD) ki
+ 4(Rg)" (Ye)™ (Ap) kot — 8ma(Ye)" (Ye) ™ (Ap) ki
— 8(my)n (Ya)" [(A)? ™™ (Ap ) kmi + (Ya)ie(Ye)™] (10¢)

(ﬁRl )27
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(Bra)i = (1Q)i (Ra)i] + 3 (yae k(R + 2C e (Ra)!

= 2(R1)5 (Ap)™™ (At )ik — 2(Ra)ip, [(Ya)ie (Ya)™ + (AD)knt (Ap) ™™ ]

— 2(Re)" (Vo) ™ (Av ) mit + 2(Ro) ™ (Ya)”™ (Av ) tkm — 4ma(Ya)" (Yu)?™ (Av )kt

+ 4(my ) (V)™ (M) "™ (A )kt + (i < j), (10d)
(Brs)"” = Yh, (R5)7 + (YL)1(Rs)™ + (R5)™ (vee /i, + 4CH [(R5)" + 2ma(Y.)]

+ (o) Ry + 6RE (Ya) i (Vo) + 2REN (Yo ) wa(Ye)?

— 6RF (Ap)imk (AR)""™ + 2RE (Ag)um (AR)"™

— 2R5(Ye) k(A g)™ — 6(Ap)"™* (Vi) km (Rs)[™ + 8(my ) Crr(Ap)™, (10e)
(Br:)” = v, (R7)" + (7Q)k(R)™ + (R)™ (y4e )], + 4CH [(Rr)" + 2ma(Yy)V]

+ 6(R2)™" (Ya)mn (Ya)” + 2(R5)™™(Ye) mun (Ya)"” + 6RE (Ap)ims(Ap)™

— 2R (Ag)mir (Ap)"™ = 2(R2)™ (V)i (Ya) " + 2(Ro)™ (Yau )ik (Ya) ¥

= 2(R0){™ (Yo ke (AD)™* + 2(R2)* (Yo)uk (Ap )" + 4(Ra) (" (Avr) ™ (Vi) om

— 4my (V)" (Vo) u (Ya)™ + 4(mp )i (Ya) ™ (Ap)"™* (Y km

— 8(m,)xCr(Ap)’™, (10f)
(Bro)"” = va, (Ro)" + (1Q)k (Ro)™ + (Ro)™ (yue )i, + 4CH [(Ro)" — 2ma(Yy)"]

+ (vom,) " (R1)} + 6(Ro)™™ (Y )mn (Yu) ™ = 2(Ro)™ (Ya)rm (Ya)™

+ 2(Re) ™ (Ya)nim (Yu)™ + 4(Ra)i% (Av)" ™" (Ya)pn + 2(R3)E (Ye)kp AT

+2(R1) g (Ap)™ (Ya) mn + 4ma(Ya)™ (Ya)ik (Ya)"

— 4(my)i(Ap)™ (Ya)rim (Yu)™ . (109)

The one loop results for the various ¢¢* mass-terms follow from Eq. (2.7¢c) of Ref. [A]:

DY) i+ Y (Ya) i+ (Ap)™  (Ap)mis)

+ (m)} (V)" + (Y u(Ya)" + (AD)muk(Ap)™]

+2[mP(Ya)" (Ya)ju + m3 (Vo)™ (Ya)ji + (mie)f (Ya)™ (Ya) jn

+ (m3 )7 [(Ya) (Ya)ji + (Ap)"™ (AD)kmi] + (AD)™ (AD)mis(m7)7]

= 2(m)k(Ya) ji(Ap)"™ = 2(m%)" (Ya)" (Ap)ik;

+ 2 [(ha) ™ (h) i + (Ra)™ (ha)jk + (hD)* (hD) iy

+ 2 [(R){F(R1)by + (Re)™ (Re) ji + (Ro) ™ (Ro) ji + 2(Ra)i* (Ra)’.]
(V)™ (V)i + (Ya) ™ (Ya) k] + (m)' (my)i(Ya) ™ (Ya) i

Bz, )5 = (M) [V,
)i (V.

uk:l

— 4[mj
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(
— [3295M3 + 695 M5 + &g M7 — 1978 85,

b= (mae)h, [20%0)" (Ya)iy + (Ao) ™ (Aw) k] + 4(m)7 (Vo) (Ya) ks

(m2e) T [2(Ya)im (Ya)" + (M) mut (M) ™) + 4(m3) (V)" (Ya )iy

4 (Ae)™ (Av) jit + () (B )i + 2(ho) ™ (hor) jia

4 [(R1)i" (Ru)i; + (Ro)™ (Ro)us] + 2(Rs)i* (Ra)j — 8mi(Ya)" (Yu)ys
— 8(m)* (m )k (Ya) " (Yu)iy — [B293 M3 + 97 M7 + 397S] 6,

2 m [(Ya) "™ (Ya) +(AU)kml(Au)kﬂ+(AD)mM(AD)m]

2 (Ya)im (Ya)" + (A kit (Av ) ¥ + (A )it (Ap) ]
(Yd)“(Yd)k +4(A) (2 ) (A )mg + (M) (Av) kjm]
+4mF (Ya)" (Ya)i; + 4(Ap)™ [(m3) 7 (AD) jmi + (M) (AD) jkm]

— 4(mi)k(Ya)i; (Ap)™ 4(mR) (Yd)“(AD)gkl

8(
+8(my)ima(Ya)ki (Ap)"™ — [FgEM3 + 59t MY — 341S] 55,

(M35 [(Ye)™ (Ye) i + (Ap) ™ (Ap) kst + 3(Ap)*™ (Ap)kji]
P [(Ye)mk (Ye)™ + (M) kmt(AE) ™ + 3(AD) ki (Ap)*]
+2m(Ye) ™ (Ye) i — (mB)' (Vo) ™ (Ap)rji — (mR);(Ye)iw(Ap)™”

") (M) + 2(mR)e(Ye) ji(Ap)™ = 3(mR) (Ya)* (Ap)uji
(Ya)r(Ap)"™* +2(m2.); [(Ye)il(Y )gk + (AE)”m(AE)mm}

k

+2(R5)"™ (Rs ) jx — 4[m3(Ye)™ (Ye) ji + (my)*(m,); (AE)md(AE)myk
+ () ma (Vo) (Ag) i + (my)ema(Ye) ji(Ag)"™]
—8(my)"(my);Cu — [6g5 M5 + Sg7 M7 + 2475] 6,

)5 = (m2)h, [20Y0) ™ (Yo)ay + (Ap)™ ™ (Ap) ju]

+ (mZ2)7 2(Ye)km (Ye)™ + (AB)mi(Ap)™] + 4mT (Ye)™ (Yo )i,
)

+4(mp)" (Ye)™ (Ap)jm + 4(mp) e (Ye)m;(Ap)™"

6

my)™ (M )i(Ap)*™ (AD)kmj]| + 4ma [(Ap) ™ (Ya)jk(me)i + (Ap )iy (Ya)™ (my)']

(11a)

(11b)

(11c)

(11d)



B2

where

1

+4(mp); [(Ye)" (Yo)rs + (Ae)"™ (Ag)jkm] + 4(he)™ (he)r;

+2(hp)™ (hg)ju + 4(Ra)' (Ra); + 4(Rs)" (Rs)kj + 6(Ra)[" (Rs)j,

= 8[mi(Ye)™ (Yo ks + (me) " (my)i(Ap) ™ (Ag) jme + (my)Fma(Ye)" (Ag)jik

+ (me)ma(Ye)is (Ap)™ + (Yo)" (Yo)i; (my) (my)] — [Bgt M} — £97S] 65, (11e)
= 2m3 [(Ye)ij(Y )ij + 3(Yd)ij(Yd)z‘j} + Q(W%)?(Yew(y Jij + 2(m2e )y (n)““(Ye)m

+2 Rz)’(Rz) +6(R9)”(R9)zg (mR) (AE)ZJR(Y)M = (m);(Ap)"" (Yo

—4 mr)i(mr)j(Ye)Jk(Y) [69 M3 + S M} + 291S], (11f)
=6 [m3(Ya)” (Ya)ij + (md)5(Yu)* (Yu)i + (m2e)5(Yu)™ (Ya) kil

—8CH [mi+ (my)'(m,)i] — [6g5M3 + §giM? — 241S], (11g)

= —mi(Ye) (M) = ()5 (Am)™ (Vo)

= 2(AR)™ [(Yo)nr(m7)F + (Ye)ij(m2e)i]
+ (m%)* [(Ae)™ (AB)mrj — (Ye)km(Ye)™ +3(Ap)™ (AD)mij]
= 3(Ya)gn [m3(Ap)" + (md)i(Ap)™ + 2(mB)] (Ap)™ + 2(m3.)F(Ap)" |
+ (mB)" [(Ye) ™ (Ye)km + 3(Ya)*™ (Ya)km] — 2057 (he) jic — 6h5 (ha)jn
+6(R1)j(Ro)’® + 2(Rs)"” (Ra); — 8ma(m,)'Cr
+dma(my) (Ye) ™ (Ye)in + 4(my)j(my) (A)™ (Ye)in, (11h)

S=m35—mi+Tr [mé +mGe + mZ —mj —2m?.] . (12)

S arises as a renormalisation of the Fayet-Iliopoulos D-term. It is one-loop RG invariant

in the absence of NS terms, and is then small at all relevant scales if it is zero at gauge

unification; however this RG invariance no longer holds in the presence of NS terms[d].
For the ¢p-type terms:

Bz = (Ya, + i) m3 + (v, )i(mi)" — 2(Rs)ij(he)”
— 6(Rr)ij(ha)” 4 6(Rg)ij(hu)” +ma(6g5M2 + Sg M), (13a)
Bz, = ()5 (mic)” + v, (mie)' + (yom,)'ms +6(R1>jk:(hU)jk
+2(Ry);(he)” + 2(Rs) j1(hp)*™ + 6(R7)1(hp)*
+ (my)" (6g5Ms + SgiM;y), (13b)

)
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and for the 1 terms:

ﬂm4 = (7H1 + 7H2) my + (mT)i(lyLHJi (14@)
(B, )" = (M) ya, + (me)? (v0)5 + ma(yem, )" (140)

In the supersymmetric limit described in Eqgs. (8),([), Egs. (L4) become the S-functions for
the corresponding supersymmetric mass terms. As indicated earlier, this limit gives a useful
check on all our results. A further check is provided by the fact that, as often discussed
in the literature (for example Refs. [[},[@],[§]) in the presence of general R-parity violation
the distinction between the lepton doublets L; and the Higgs doublet H; is artificial. This
means that by, for example, “promoting” m% to be a 4 x 4 matrix, we can extract from

Eq. ([1d) the results for both £,,2 (Eq. (LL]])) and 8,2 (Eq. ([1])). In general our results
reduce to and agree with those of Ref. [] when all NS terms are removed, up to very minor

typos.

In the unbroken theory, the simplified case is often considered when each dimension-

less coupling matrix is assumed to have only one non-zero entry: (Y,)33 = X\, (Yy)3% =

A, (Y2)33 = Ar, (Ap)32 = X, (Ap)®3 = X', (Ay)323 = X" (see for example Ref. [[0] for an
analysis of the associated infrared fixed point structure, and Ref. [[I]] for a more general
discussion). This is evidently phenomenologically sensible for Y, 4., but is less obviously
justifiable for Ag p 7. Moreover this set of couplings is not closed under renormalisation
[[2]; at one loop a minimal set that is would also include (Y;)?*® and (Ap)323.

In the R-parity conserving case when Ag p 7 = 0 the single generation approximation
does close under renormalisation and is naturally extended to the soft breaking case by
setting (Rg)33 = rg = mgls, (R7)33 = r7 = —my Xy and (R5)3% = r5 = —ms)\,, the signs
being chosen so that the supersymmetric fixed point corresponds to my = ms = m7s = mg
(see Eq. (A)). We then obtain:

By = (A2 4 3\] + 3A7 — 4Cy)ma, (15a)
Bims = (A2 — 3\7 + 3MH)ms + 6mr A} + (4ms — 8my)Cx, (15b)
Bins = (A2 + 30] + A)my + 2msA2 + 207 (2my — my)

+ (4my7 — 8my)Cla, (15¢)
Bime = (A2 + A} + 3AF)mg — 2mz A} + 4my A} + (4mg — 8my)C. (15d)

Egs. ([5a, 8) above agree with Eq. (3.5) of Ref. [[], but Egs. ([5¢,d) differ. The error made

in Ref. [Al] was neglecting possible minus signs associated with SUs contractions involving

8



€’ (in the RPV case one must be similarly careful with regard to the SUs tensor ¢*#7).

The analysis of the fixed point my = ms = my; = mg given in section 4 of Ref. [H] is

changed somewhat. The stability matrix for the evolution of =, = and ¢ is given by:
8CH — 6)7 62 0
S = 272 8CH —2)2 —2)2  —2)2 (16)
0 —2)2 8Cy — 22

which has eigenvalues 8Cp,8CH + A1 2 where A; » are the roots of the quadratic
A2+ 2007 + A2+ 40N + 43 + 3A7 + A2)\] = 0. (17)

Near the quasi-infra-red fixed point (QIRFP) for A\, A\;(Mz) =~ 1.1 (corresponding to
tan 0 &~ 1.7), we can neglect \, and A, and it is easy to see that our fixed point is stable.
In the trinification region such that \,(My) ~ A\p(My) = A (My) = 0.6, the eigenvalues
of S are all positive at unification but 8Cy 4+ A; 2 are both negative at M. Thus in this
case we would expect substantial deviation from the supersymmetric limit for my....g.

Returning to the NSRPV terms, as an example of their possible effect we will in-
vestigate the effect of a nonzero (R4)3% = ry only; thus for this exercise we will assume
Av.p r =0 as well as all the other R-couplings, so that baryon number is violated but not
lepton number. The R, interactions are similar to Ay in violating baryon number by one
unit; but of course R4 involves only sparticles and so we could expect the upper limit on
any particular component to be less severe than the limit on a corresponding component
of Ay. For interactions other than (Ay)121 and (Ay)131 these limits are not very strict in
any case [[3]; so if we assume no flavour mixing then r4(Mz) could be as large as the susy
scale. Therefore even if direct detection of the interaction is difficult it will influence the
sparticle spectrum via Renormalisation Group evolution.

Since 74 only contributes to the g-functions for (mé)g and (m?.)3 we may expect the
main effect to be on the 3rd generation squark masses. As an example of its effect, in
Figure 1 we plot the light stop mass against r4(Myz) for the SPS5 benchmark point[IT9].
The SPS5 point is characterised by the fact that one of the stop masses is rather light and
sensitive to small changes in input parameters such as the top quark mass. We use the one-
loop G function for 74, two loop [-functions for all other couplings and masses (including 74
only at one loop), and adjust input parameters according to the supersymmetric spectrum
in order to account for threshold corrections in the manner of Ref. [[[]. Our two-loop

result for the light stop mass at r4(Mz) = 0 is now 257GeV, a change from that reported

9



in Ref. [[], due to use of the exact rather than the approximate form of the stop mass
matrix from Ref. [[§]. We see that as r4(Mz) approaches 0.5TeV (corresponding to a value

at gauge unification r4 ~ 0.3TeV) the light stop mass varies quite significantly.

Light stop mass versus r4(MZ)
0.27 T T

0.26 N

0.25

0.24

o
N
w

©
N
N

Light stop mass

0.21

0.2

0.19

0.18 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

r,M,)

Figure 1: The light stop mass (in TeV) as a function of r4(Mz) (also
in TeV) for the SPS5 Benchmark Point

In conclusion: we have presented the one-loop renormalisation of the R-parity violating
extension of the MSSM with the most general possible set of soft breaking terms consistent
with naturalness. If the amount of flavour mixing is small then the effect of non-standard

soft R-parity violating terms on the sparticle spectrum might be considerable.
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