Chapter 4
R-parity Violation and Phenomenological
Constraints

4.1 R-parity Violating Interactions
The R-parity violating (RPV) interactions are generated by the following superpotential:
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with i, j, k = 1, 2, 3 indicating the generation, and a, b = 1, 2 the SU (2), indices.
The sum is taken for each index. For the baryon number violating interactions (terms
with 1”), the SU (3). indices have been omitted. The lepton left-chiral superfields L
and E¢ are respectively the SU(2); doublet and singlet. The quark superfields 0,
U*¢ and D¢ denote respectively the quark SU (2) doublet, up quark singlet and down
quark singlet left-chiral superfields, and H, the up type Higgs left-chiral superfield.
The RPV superpotential gives rise to the following baryon or lepton number violating
interactions (see Fig.4.1).
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Fig. 4.1 Example of Yukawa interactions generated from R-parity violation. Arrows indicate the
lepton or baryon number flow

where Pp = %(1 — ¥s5), and h,, denotes the up type higgsino. The first three terms
in Eq. (4.2) are lepton number violating and the last term is baryon number violating.
There are also RPV scalar quartic interactions, but we do not consider them since
these interactions have less effects on observable.

We can also add the general soft SUSY breaking lagrangian in the RPV sector:

T
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where the field operators with tildes are the scalar component of the chiral-superfields.
The SU (2)r and SU (3). indices were omitted, but fields must be combined in a gauge
invariant way.

As mentioned before, the motivation of eliminating the RPV interactions is mainly
to prevent the proton decay in the theory. However, there is no definite reasons to
forbid all RPV interactions. On the phenomenological ground, there is actually no
reasons to prefer R-parity conserved models than RPV models. Furthermore, the
RPV interactions can play roles in the grand unification. If we believe the grand
unification, the quarks and leptons should be embedded in the same multiplets, and
the conservation of R-parity seems to be incompatible. Many grand unified models
which effectively give RPV interactions at low energy have been studied [1-6].
From the point of view of the grand unification, there is no preference between the
R-parity conserving and RPV models, and all grand unification models do not have
any generic prediction for the size of the RPV interactions. (In string theories, it is
also possible to construct models with or without R-parity [7, 8]). We can say that
the study of RPV interactions has potential to provide us with knowledge about the
grand unification.

4.2 Bilinear R-parity Violation
The study of bilinear RPV interactions (mixing between lepton and Higgs) is inter-

esting by itself. The bilinear RPV interactions can be rotated away by redefining the
Higgs field as
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where the massive parameter w of the first term in the numerator is the coefficient
of the mixing between up type and down type Higgs (the so-called p-term of the
superpotential). This redefinition also converts the Higgs-fermion-fermion (stan-
dard Yukawa) terms of the superpotential to the RPV superpotential (for example,
Eab Ql“ I:I,ﬁ7 0; — Eab QI“IA,Z 0; ). This is the reason why we often treat bilinear and
trilinear RPV interactions separately. We must note that this rotation cannot get rid
of the bilinear RPV soft breaking terms. In the case where these soft breaking terms
are present, the sneutrinos also develop vacuum expectation value.

By using the above properties, it is possible to construct a scenario with R-parity
which breaks spontaneously using the following superpotential [9]:
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where QS, S‘i and ﬁf are the new chiral superfields with lepton numbers 0, —1 and +1,
respectively, and they are all with baryon number 0. The mechanism goes as follows.
First, the scalar potential gets vacuum expectation values in the directions of Vg;,
S, h0 and hO These vacuum expectation values break the lepton number, thus
generatlng the effectlve bilinear RPV interaction (both the superpotential and the soft
breaking lagrangian). This can also be redefined in a basis with the RPV trilinear
superpotential and the vacuum expectation value of the sneutrinos. Note that this
spontaneous breakdown of R-parity does not change the proton life time since the
superpotential of Eq. (4.5) does not minimize to baryon number violating vacuum.

4.3 Phenomenological Constraints on Trilinear RPV Interactions

Many of the trilinear RPV interactions are constrained phenomenologically. We will
review in detail the most important ones.

Constraints from the Non-Observation of the Proton Decay
The simultaneous presence of lepton and baryon number violating RPV interac-

tions leads to proton decays (see Fig.4.2). As the proton decay is not observed in
experiments, the combination of A, A or A”, A" are strongly constrained [10-12].
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Fig. 4.2 Existence of both u > u
baryon and lepton number
violating RPV interactions
induces proton decay U U
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Table 4.1 Upper limits on combinations of RPV couplings from double beta decay experiments
RPV couplings Vi MioMo MizMag
Upper limits ([msusy]®) 7.7 x 107° 4.0 x 1077 1.7 x 1078

[msusy]® is the mass of the SUSY particle (d squark involved in the decay) in unit of 100 GeV

Constraints from proton life time can be written as

Ak A < 10720 ~ 1071,

Ihijkh | < 1071~ 1073, (4.6)

which set very strong upper limits [10-16]. Due to this result, we often assume in
theoretical analysis that baryon and lepton number violating RPV interactions do not
co-exist.

Constraints from Lepton Number Violating Processes

The non-observation of the neutrinoless double beta decay sets also strong constraints
on RPV couplings [13-21] (see Fig.4.3).

The combinations of RPV couplings '3, M 12A]5; and A 345, are constrained
as shown in Table4.1.

The effective Majorana mass of the neutrino can also be generated by lepton
number violating combination of RPV interactions [13-16, 22-24] (see Fig.4.4). As
the neutrino (Majorana) mass is constrained by observation, it is possible to limit

Fig. 4.3 Example of neu- d
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Fig. 4.4 RPV contribution d — %
to the Majorana mass of the
neutrino

RPV couplings contributing to the process. This gives a relatively tight constraint on
the RPV coupling A55: [A)33] < 3.5 x 1073,

Constraints from Precision Tests: Lepton Flavor Violating Process

Some combinations of RPV interactions are tightly constrained by lepton flavor
violating processes. Here we present the example of the flavor changing radiative
decay of charged lepton [ — I’y [13-16, 25] (see Fig.4.5).

This process gives the following constraints on RPV interactions:

Aokl < 5.7 x 107,
WAl < 5.7 x 1072,
|M3yrist] < 11 x 1074,
WS M i < 4.5 x 1074,
M55 Mianl < 7.7 x 1073,
|A553M 33l < 1.0 x 1072,

Iyl < 1.2 x 1072, 4.7)

where k (= 1, 2, 3) and n (= 1, 2) denote the generation of charged leptons.

Constraints from Precision Tests: Rare Hadron Decays

Hadron decays are very sensitive probe of RPV interactions since they receive contri-
bution from the four-fermion interaction generated from R-parity violation [13-16,

Fig. 4.5 © — ey process

within RPV interactions R
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Fig. 4.6 RPV contribution to v Ve
the K — mwvv

26-31]. Here we will present the example of the semi-leptonic K+ — 7wt vi decay.
This K meson decay is induced by the following effective interaction (see Fig. 4.6)

Mk _ kM - B}
Lx = —zdj)/u'PLdj/ ViYuvir — —zdk)/‘LPde/ VirYuVi + h.c.. (4.8)
2m£z 2m£z
Rk Lj

The branching ratio of the purely RPV K — 7T vi decay is given by [28-31]

e BKY = w0%tve) (A5 M MM 49)
= 22 2 - 2 ’ :
16' VMS | GF ngn md‘-Ln

Brpv(KT — b))

where r; = 0.901 is the isospin correction factor. The branching ratio of the K
decay into isospin partner is given by B(Kt — 7%%v,) = (5.07 & 0.04) x 1072,
The above RPV branching ratio should not excess the discrepancy between exper-
imental data [32-35] and the standard model prediction [36]. Recently, experiment
has observed the rare KT — 7 tvp decay, and the result is consistent with the stan-
dard model prediction. The RPV contribution is therefore constrained and should
not excess the error of Bexp — BswM, the difference between experimental value and
the standard model contribution. We do not consider the interference between RPV
and standard model contributions. The experimental value of the branching ratio of
the decay K+ — m+vb is [32-35]

Bexp(KT — mtvi) = (1.737)02) x 10717, (4.10)

The theoretical estimation of the standard model contribution is [36]

Bsm(KT™ — i) = (7.81705) £0.29) x 10711, (4.11)
where the first error is related to the uncertainty of the input parameters and the
second one to the theoretical uncertainty. We obtain then the following inequality
for the bilinear of RPV couplings:
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A./* )\'/ )\.,* )\'/ 2
4.1 x |2nljin | TindTin2 155 10710, (4.12)
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where the expression with [- - - ] denotes the mass of the sparticle in unit of 100 GeV.
The right-hand side of the above equation is the error of Bexp — Bsm. This gives then
the following bounds to the RPV couplings:

Wil <73 x107%mg. PP [Ajn Mnl < 7.3 x 107%my, 12, (4.13)

jln
where the dominance of the single bilinear of RPV couplings was assumed. Note
that we have not considered the interference of the RPV amplitudes with standard
model and R-parity conserving supersymmetric contributions.

This limit can be used to constrain RPV interactions with other flavors via fla-
vor mixing. The change from the current basis to the mass basis yields the change
dydy — dpd;, >~ Vi V55d + - - - for the quark bilinear in the effective lagrangian.
We then obtain the following upper limits

Mgl < 5.7 x 107 [my_ 1,
Aiael < 0.14[mg, 1. (4.14)

wherei,k =1,2,3andm =1, 2.

Similar analysis holds for the B meson decays [37—40]. The effective lagrangian of
Eq. (4.8) involving b quark generates the following purely RPV decay BT — X,v Vi
and can be expressed as follows [37]

2 /
i 3k MM s

2m~

B(BY — Xcetve) — 8G3 |vch\2fps(mc/mb> 2m?

drk

BRPV(B+ g Xs‘)jii) Z l

4.15)

where fps(x) = 1 — 8x + 8x> — x* — 12x%Inx? is the phase space factor. By
using the quark masses m, = 1. 29+8 (1)? GeV and m, = 4. 194_'8:(1)2 GeV [39, 40], we
obtain fp S(mg / mi) ~ 0.5. The notations X and X denote the strange and charmed

hadronic final states respectively. From the review of Particle data group, we have
[39, 40]

B(BY - Ktvi) < 1.3 x 1072, (4.16)
B(BT — K*(892)"vi) <8 x 107, (4.17)
B(BT — X.etv,) = (10.8 £0.4) x 1072, (4.18)

From the upper two inequalities, we have B(Bt — X,v1) < 1 x 10™*. The standard
model prediction is Bsy (BT — Xvb) < 5% 1073 [37]. By neglecting the standard
model contribution, we obtain the following bound to the RPV interactions:



32 4 R-parity Violation and Phenomenological Constraints
’ /% —4 2 / 1% —4 2
Mo el < 58 x 1074 my . [Moh sl < 5.8 x 1074 my 12, (4.19)

As for the K — mvv decay, the change from the current basis to the mass basis
can set limits to other combination of RPV couplings. The mixing between s and b
quarks gives the following bound

where i,k =1, 2, 3.

Constraints from Precision Tests: Electric Dipole Moments

The electric dipole moments of neutron, YbF molecule, 20571 and 199Hg atoms can
set severe constraints on the CP phases between RPV couplings. This topic is the
main subject of this thesis and will be discussed in detail in Part III.

Constraints from Precision Tests: Universalities

The universality of the gauge coupling is an important tool to rule out the interactions
of new physics. If the universality of the weak coupling holds, the contribution from
the RPV must be embedded in the uncertainty of the standard model. This can
be applied to the RPV interactions by noticing that the weak decay of leptons

(or hadrons) can be mimicked by RPV amplitude with the same Lorentz structure

[41, 42].

Letus examine the decays of leptons. The lepton number violating RPV interaction
Aijk also contributes to the process. In Fig. 4.7, an example of the RPV muon decay
process is shown. This contribution can interfere with the muon beta decay, and leads
to the following redefinition of the Fermi weak coupling constant for the muon decay

2

Gr 5 My 2
= 1+ [A21k]” | - 4.21)
2 2.2
V2 8myy, 83Mz,

Similarly, the Fermi constants for the decays of t lepton to electron and to muon

will be shifted by (m?, /ggngk ) 231k|% and (m3, /ggmgkk )|A324 |2, respectively. The

decay ratios Ry, = I'(t™ — pu o)/ I'(u~ — e Vevy) and Ry = I'(t™ —
e vevy)/I'(t™ — v, vy) will then be shifted by

Rew = [Roulsw {1+ 200y /g3m2 aai® = Gy /g3m?, a1} 4.22)

Re = [Relsw {1+ 200n /g3m2, D haul® = ondy /edm? b1} . 423)
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Fig. 4.7 Example of process U,
with RPV interactions inter-

fering to the SM weak process

(example of muon decay)
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The standard model prediction of these ratios are
[Ry.dsm = 1.309 x 10,
[R:]sm = 1.028. 4.24)

These values were calculated by taking into account the radiative corrections and the
running coupling [42]. The experimental values listed by the review of Particle data
group are [39, 40]

[Ry] = (1.315 +0.006) x 10°,
[R.] = 1.025 £ 0.003. (4.25)

The consistency between the experimental values and the standard model predictions
implies that the RPV couplings must be within the experimental errors. The following
constraints can then be given:

[221%] < 0.05[mgp, 1,
[A31k] < 0.03[mgg, 1,
|A32k| < 0.05[mzp, 1, (4.26)

where k = 1,2, 3. [-- -] denotes the mass of sparticles in unit of 100 GeV. Here we
have also assumed the dominance of single RPV couplings.

Similar analysis holds for the decay ratios I'(m~ — e V) /I'(m™ — [ Vy)
and I'(t~ — 7 v)/I'(r~ — p v,), and also for the decay ratios rp® —
wtv,K7)/r(D° — etv,K™), (DT — ptv, K%/ r(Dt — eTv.K") and
It — putv,K*892)%)/r(D* — eTv,K*(892)"). These processes receive
contribution from lepton number violating RPV interactions A; k> SO it is possible to
constrain them. This method has the advantage to cancel the theoretical uncertainty
due to the meson form factors, and the ratio can be fully calculated in the standard
model. In these cases, the uncertainty of the CKM matrix elements V,; and Vs has
to be taken into account. For detailed discussion, see Ref. [42].
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RPV at Colliders

The RPV processes can also be observed in collider experiments [22, 41, 43, 44]. The
first type of manifestation of the R-parity violation is the resonance of the sneutrino
in pp collision, as shown in Fig.4.8. The analysis of the data accumulated at the
LHC provides a stringent constraint on the coupling A%,,, if the  sneutrino is the
LSP. The non-observation of such resonance gives A5, < 102 for my, = 1TeV
and }‘511 < 1073 for my, = 100GeV [43, 44].

The other way to constrain RPV interactions is to analyze the displaced vertices
of the heavy particle decay. The typical process is the decay of the lightest neutralino
as shown in Fig.4.9. No significant result was found at the LHC, and it was con-
cluded that the product between the production cross-section and the decay branching
fraction of the neutralino is less than 5pb for m; = 1.5 TeV [43, 44].

Constraints from Cosmology

The non-conservation of R-parity leads to the decays of lightest sparticles (LSPs)
(example of the decay is shown in Fig.4.9) [13-16, 22]. This fact can disturb the cur-
rent picture of the Universe in two ways, and we need to constrain RPV interactions
in each case.

The first topic is the stability of the supersymmetric dark matters. The candidates
of dark matter in supersymmetric models are the lightest neutralino or sneutrino. To

Fig. 4.8 Example of d ut
resonance process with RPV
interactions in collider search

_——— - - =

Fig. 4.9 Neutralino decay e
within RPV interactions

X0
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reconcile the scenario of supersymmetric dark matters with the existence of RPV
interactions, the following constraint must hold:
hijil Nl 1] < 1072, (4.27)
for mgusy = O(100GeV), where i, j, k = 1,2, 3. Of course these limits do not
apply when the dark matter is not composed of supersymmetric particles.
If unstable LSPs with RPV interactions is larger than 10729, there is a second type
of constraints. The LSP must actually decay before the nucleosynthesis to not disturb

the nucleosynthesis [45]. The decay of LSPs before nucleosynthesis is translated to
the following lower bounds

gl M el 1A7 ] > 10712, (4.28)

The other cosmological source of strong constraints on RPV interactions is the
dilution of the baryon asymmetry [46—49]. The RPV interactions can dilute the
baryon number asymmetry of the Universe when the expansion rate of the Universe
is smaller than the decay rate of matter. The non-dilution of the matter imposes also
constraints on RPV interactions as follows:

il I3l 4] < 16 107 Im 1Y% (7 > m ),
hijiels IAels IA7 ] < 1.6 X 10*6[mf]1/2 (T <mj), (4.29)

where [m ;] is the mass of sfermions in unit of 100 GeV. We must note that these
bounds do not apply simultaneously to all RPV interactions. It is possible to pro-
tect the baryon number asymmetry by imposing the above constraints to a fixed
generation.
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