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Abstract. This report summarises the work done in the ‘Beyond the Standard Model’ working
group of the Sixth Workshop on High Energy Physics Phenomenology (WHEPP-6) held at the In-
stitute of Mathematical Sciences, Chennai, Jan 3–15, 2000. The participants in this working group
were: R Adhikari, B Ananthanarayan, K P S Balaji, Gour Bhattacharya, Gautam Bhattacharyya,
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1. Introduction

During the first few days of the Workshop several problems were identified for investiga-
tion within the ‘Beyond the Standard Model’ working group of WHEPP-6. These problems
addressed various extensions of the Standard Model (SM) currently under consideration in
the particle physics phenomenology community. Smaller subgroups were formed to focus
on each of these problems. The progresstill the end of the workshop is summarised in this
report.

2. The neutral scalar sector inR-parity-violating SUSY models

Gautam Bhattacharyya, Chao-Hsi Chang (Zhang), Amitava Datta and Anindya Datta

Consider thatR-parity is broken [1] only through the bilinear terms, given by� iLiHu

in the superpotential, whereLi is the lepton doublet superfield of theith generation and
Hu is the Higgs superfield that gives mass to the up-type quarks. For simplicity, assume
that�1 = �2 = 0, but�3 6= 0. In such a scenario, the� -sneutrino will receive a vacuum
expectation value (vev), denoted byv3. Also, corresponding to�3, there is a soft parameter
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B3, which appears asB3�3L3H
�
u + h:c: in the scalar potential. Similar to�,B andvd (vu)

in the minimal supersymmetric standard model (MSSM), in theR-parity breaking sector,
we now have three additional mass-dimensional parameters:�3, B3 andv3. They will be
constrained by the following considerations:

� Mixing of neutrinos with the neutralinos produces neutrino mass. In this way only
one neutrino becomes massive and the mass is proportional to(� 3vd � �v3)

2=M ,
whereM is a typical neutralino mass (say, order 100 GeV). The neutrino mass so
obtained should be less than order 1 eV or so in order to be consistent with the recent
data.

� Charged lepton–chargino mixing will put constraints in the parameter space from the
requirement that the lightest eigenvalue should be 1.777 GeV, the experimentally ob-
served� -lepton mass. One should also check that the� branching ratios in different
modes should be consistent with the very precise experimental data that exist.

Keeping in mind the above constraints, one can analyse the consequence of sneutrino-
Higgs mixing in phenomenology, mainly from the following two angles:

� A possible change in the scalar mass spectrum relative to the prediction in the MSSM
with conservedR-parity; in particular, checking whether the maximum mass of the
‘lightest Higgs’ (in the mass basis, of course, one will not have a pure Higgs state,
but here by ‘lightest Higgs’ we mean the one which is dominantly Higgs and not
sneutrino) after radiative correction could in principle be more than what MSSM
predicts.

� Examining the change in the branching ratios of the ‘lightest Higgs’ in different
modes and their implications on collider searches.

3. Models of neutrino mass

S F King, Asim K Ray and A Raychaudhuri

The present data from the atmospheric and solar neutrino experiments are indicative of
neutrino oscillations driven by a non-zero neutrino mass splitting and mixing among
the flavour eigenstates. The atmospheric neutrino results can be explained in terms of
a maximal mixing of the�� and another neutrino with a mass squared splitting around
�m2 � 10�2 eV2 = �a. The solar neutrino data admit several alternative possibilities
with the�e oscillating to another neutrino – the vacuum solution (near maximal mixing,
�m2 � 10�10 eV2), MSW large angle (near maximal mixing,�m2 � 10�5 eV2), and
MSW small angle (sin2 2� � 10�3; �m2 � 10�5 eV2). Let us indicate the solar splitting
by�s (� �a).

The usually chosen hierarchy of three neutrino mass eigenstates ism 3 � m2 > m1

with �2
32 ' �2

31 � �a and�2
12 � �s. Most work on neutrino mass models focusses on

this mass spectrum.
In this subgroup a study of models generating aninvertedhierarchy withbimaximal

mixing was undertaken. In this scenariom3 > m2 � m1 with �2
32 � �s and�2

31 '

�2
21 � �a. Neutrino mass models were obtained which reproduce the bimaximal nature
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of the mixing and which generate the large�1 � �2 and�1 � �3 splittings. However, these
models left the�2 and�3 states degenerate. Different mechanisms for generating the small
�s splitting between these states were considered and it was concluded that effects of
renormalization group (RG) evolution from a high mass scale may be a convenient method
to achieve this goal.

4. Renormalization group constraints on models of neutrino masses and mixings

K P S Balaji, Asesh K Datta, A Dighe, R N Mohapatra, M K Parida, G Rajasekaran
and Asim K Ray

Suppose that the neutrino masses are all equal at some high scale (�), i.e. m �1 = m�2 =
m�3 = m0 at�. An interesting exercise would be to examine what happens to the mass
ordering, splittings, and their mixing angles at low energy due to RG running with the
above initial condition. Choice of� is one important aspect in this exercise. There is
one scenario [2] in which one chooses� = 1013 GeV. This choice was motivated by the
‘see-saw argument’ that if one wants to obtain a neutrino mass of order 1 eV from the
relationm� = m2

t=�, then� turns out to be order1013 GeV. They concluded that the low
energy predictions of masses and mixing angles were incompatible with data. In another
scenario [3], one assumes the degeneracy of the neutrinos at the Planck scale and considers
a two-step running – first, to the intermediate scale1013 GeV, and then down to low energy.
The�-functions controlling the evolution are different in the two steps. In this way it was
possible to fit the atmospheric neutrino anomaly and the large angle MSW solar neutrino
data within both the SM and the MSSM but the vacuum oscillation could not be explained.

Broadly with this type of set-up in mind, different subgroups took the following lines of
action:

� Consider the possibility that these neutrinos are of Majorana nature, i.e.m =
�CPjmj, where�CP = �1. Then the initial condition of degeneracy stated above
would change in the sense that even though the magnitudes of these masses are the
same, the signs may be different. This would affect the RG running and consequently
the low energy predictions would be different.

� It may be possible to generate large neutrino flavour mixings.
� Instead of a degenerate structure, one can assume a quasi-degenerate mass spectrum

at the high scale and investigate the consequences at low energy.

5. CP violation in SUSY

Amitava Datta, N Gaur, S F King, A Kundu and B Mukhopadhyaya

It has long been realised that flavour changing neutral current (FCNC) constraints tightly
restrict mass splittings of SUSY particles. Constraints fromK 0– �K0 mixing and CP vio-
lation in theK-sector have been well studied in the literature and the implications for the
B-meson system worked out.
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Recently it has been realised that in some regions of parameter space more severe con-
straints on SUSY mass splittings may actually emerge from the requirement that charge
and colour breaking minima must be absent in all stages of the RG evolution of the SUSY
parameters from a high scale. In this subgroup the focus was on these situations. How
the resulting constraints mesh with the data from the mixing in theK andB systems was
examined. The impact on CP violation – in particular, on the recent measurements of� 0=�
– were examined. CP asymmetries in theB-system were considered with an eye on theB
factories.

6. Non-universal SUSY

Amitava Datta, S F King, M K Parida and D P Roy

Unlike supergravity which predicts the universality of gaugino masses (i.e.M 1 = M2 =
M3) at the SUSY breaking scale, some GUT models do predictM1 6= M2 6= M3 [4].
It is worthwhile to study how ‘natural’ these models are, i.e. how much ‘fine-tuning’ is
necessary in these models. Fine-tuning,a la Barbieri and Giudice [5], is quantitatively
defined as�a = j(Æm2

Z=m
2
Z)=(Æa=a)j, wherea is a GUT scale parameter. Low values

of � indicate the theory is more natural, or in other words, less fine-tuning is necessary.
The requirement of not too much fine-tuning puts an upper limit on the supersymmetry
breaking scale. In supergravity models assuming a 10% fine-tuning puts an upper limit of
about 1 TeV on the superparticle masses [5], while in gauge-mediated models because of
its in-built non-universal boundary conditions one requires more fine-tuning, or, in other
words, naturalness constraints are stronger than in the supergravity scenario [6]. This group
plans to probe which parts of parameter space in non-universal models yield smaller values
of � and then explore the possibilities of their detection at LHC. They also plan to study
the impact of non-universal gaugino masses on gauge coupling unification.

7. (M+1)SSM

B Ananthanarayan, S F King, U Mahanta, P N Pandita, D P Roy and S Vempati

In the non-minimal supersymmetric Standard Model ((M+1)SSM), the bilinear term in the
superpotential is written as�NHdHu, whereN is a gauge singlet and� is a dimensionless
parameter. This term is analogous to�HdHu in the MSSM. Thus in the non-minimal
model�hNi plays the role of the� parameter. This group plans to (a) study ‘fine-tuning’ in
this model, and (b) examine its implications in electroweak baryogenesis. The electroweak
baryogenesis window is very tightly constrained in the MSSM but the window opens up in
the (M+1)SSM.
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8. Anomaly mediated SUSY breaking models

D Choudhury, D Ghosh, S F King, A Kundu, B Mukhopadhyaya, S Raychaudhuri,
P Roy, S Roy and K Sridhar

In the anomaly mediated SUSY breaking (AMSB) models, where the information of SUSY
breaking is communicated from the hidden sector to the observable sector via the super
Weyl anomaly contribution, the gaugino masses at the SUSY breaking scale are controlled
by their respective�-functions, given byM i / �i, i.e. M3 : M2 : M1 = 8:8 : 1 : 3:3.
This should be contrasted against the boundary conditions in supergravity models where
the gaugino masses are all equal at the GUT scale (M3 = M2 = M1) and in gauge
mediated models whereM3 : M2 : M1 = �3 : �2 : �1. It follows that in the AMSB
models

� (Neutralino) LSP is Wino dominated.
� Lighter chargino is nearly degenerate with LSP.

One disturbing feature of AMSB models is that the slepton squared-masses are negative.
To avoid phenomenological problems with these tachyonic sleptons one dumps anad hoc
positive contribution to the mass squared values at the high scale.

The usual chargino search strategy relies on the decay~��1 ! ~�01 (LSP)+ lepton+
missing energy. If the mass difference between the~��1 and~�01 is very small, as is the case
in AMSB, then the emitted lepton is too ‘soft’ to be tagged. In this case, of course, the
chargino has a longer lifetime and one expects to observe short tracks inside the detector.

This group plans to look at the following mode: In ane+e� machine consider the pair
productione+e� ! ~e+L~e

�

L (via t-channel ~W3 exchange). Then~e+L ! ~�01 (LSP) e
+ and

~e�L ! ~��1 �. The chargino thus produced can decay only as~��1 ! �� ~�01 due to lack of
phase space. Thus the final state consists ofe��� plus missing energy, which would be
considered as signal events for AMSB models.

9. Supernova constraints on ADD models

A Goyal, K Kar and S Raychaudhuri

Following the work of Arkani–Hamed, Dimopoulos and Dvali (ADD) [7], there has been
much interest in recent times in higher-dimensional theories where the extra dimensions
(beyond(3 + 1) dimensional spacetime) are compactified but have sizes large compared
to the Planck length. A class of such theories defined in(4 + d) dimensions have the extra
dimensions compactified on ad-torus of radiusR. The effective Newton’s gravitational
constant,Ĝd

N , in these theories is related to one of the usual 4-dimensional situation,GN

by Ĝd
N = 4�VdGN=Sd, whereSd is the surface area of the compactified surface ind-

dimensions andVd its volume.
The characteristic scale of this problem is the ‘string scale’,Ms, given by,Ms �

(Ĝd
N )

�1=2, while the radius of compactification (R) – which can be regarded as thesizeof
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the extra dimensions – is given by,R � (1 TeV=Ms)
( 2
d
+1). The size ofR can be estimated

from the above and is presented for different values ofd in the table 1 below.
In the ADD-type models, only gravitation is assumed to exist in the bulk while the

matter and gauge fields live in a 3-brane. The gravitational field in higher dimensions
under the usual Kaluza–Klein (KK) reduction yields 4-dimensional gravity and additional
fields which transform as vectors and scalars of the 4-dimensional Lorentz group. For each
of these, there is a tower of KK excitations. Of these, the graviton and the dilaton towers
couple to the matter fields.

Strong bounds have been derived on the ‘string scale’M s from the cooling of super-
novae. TheGravistrahlungof the graviton and dilaton and their KK excitations cool the
supernova which leads to a reduction of the emitted neutrino flux. In order that this does
not contradict the data on neutrinos observed from the SN 1987A supernova, one obtains
a lower bound of 50 TeV (4 TeV) onMs for d = 2 (3) [8]. This subgroup investigated the
effect on these bounds of:

� competing processes like
e! eG~n, whereG~n represents the states in the graviton
tower, etc.

� core constitution, variation in core density, etc.

The conclusion was that the bounds are robust.

10. Right-handed neutrino production in hot dense plasmas and constraints on the
ADD scenario

N Gaur, A Goyal, G Raffelt and S Raychaudhuri

It has been shown [9] that if sterile (i.e. singlet) neutrinos are assumed to exist in the bulk
in ADD-type models, then it leads to an effective magnetic moment for the� e given by

�e� � 10�11�B

�
E

10 MeV

�(d=2)�
1 TeV

Ms

�(d=2)

:

The existing bounds on�e� from�e�e scattering, supernova neutrino fluxes, etc., imply
a corresponding lower bound onMs.

The subgroup investigating this area examined the constraints onM s from

� �L $ �R conversion in background electromagnetic plasmas of high density as
found in stellar interiors.

� �R production in the early universe.

Table 1. The compactification radius,R, for different number of extra dimensions,d,
which are compactified.

d 1 2 3 . . 6

R (cm) 1013 10�1 10�7 . . 10�13
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11.Z partial widths in ADD models

Gour Bhattacharya, U Mahanta, P Poulose, S Rakshit and S Raychaudhuri

This group plans to compute the one loop corrections to theZf �f vertex with Kaluza–
Klein gravitons and dilatons inside the loop. On account of the per milli level precision to
which these vertices have been measured at LEP, any new physics contribution to them is
expected to be severely constrained.
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