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discrepencies and theoretical considerations that does not allow us
to accept the Standard Model as the ultimate theory

@ Need to explain the experimental discoveries such as non-zero
neutrino mass, existence of dark matter, Strong CP problem, baryon
asymmetry in the Universe

@ There are also theoretical drawbacks, such as, the Higgs mass being
in the Electroweak Scale, Parity Violation, gauge coupling
unification, quantization of electric charges, mass hierarchy of the
elementary particles and the flavor problem, quantum gravity

@ | have worked on models which tries to address some problems of
SM such as Parity Violation, Charge quantization, Strong CP
problem and not having Dark matter Candidate and test
implications of them at LHC
5/45
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such as SU(5), SO(10). This explains the charge quantization and
unification of the couplings, but there is no sign of proton decay so
far

@ ii) Enlarge the bosonic symmetry to fermi-bose symmetry
(supersymmetry). This solves hierarchy problem, agrees with the
unification of couplings, and have good candidate for the dark
matter. But there is also no sign of superpartners at the LHC yet

@ iii)Increase the number of spatial dimensions (extra dimensions) and
Include gravity into the mix (supergravity and string theory)

@ | have worked on models which in broad sense falls into the first
category of enlarging the gauge sector and second category of
supersymmetry during my PhD till now
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the SM.This is the general idea of left right symmetric models
(SU(2)L ® SU(2)gr ® U(1)g—1)(Pati and Salam(1974),
Mohapatra and Pati(1975), Senjanovic and Mohaparta(1975)).

@ Another solution by Lee and Yang(1956) = additional(mirror)
fermions of opposite chirality to the SM ones.

@ In this work,we have a LR symmetric mirror model(LRMM)
with mirror fermions and mirror Higgs with phenomenology of
low lying mirror fermions at the LHC

o The LRMM model solves the strong CP problem,which was
shown by Babu and Mohapatra (1989,1990)
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o Our gauge symmetry is :SU(3). ® SU(2), ® SU(2)gr @ U(1)y
supplemented by a discrete Z, symmetry. For every (u,d);,
we have new fermions, (1, d)g.Hence we call it Left-Right
Mirror Model

o Apart from the SM higgs, scalar sector of this model includes
a mirror Higgs and a real scalar singlet under both SU(2),
and SU(2)r

o The right-handed(left-handed) components of mirror-fermions
transform as doublet (singlets) under SU(2)g, SM fermions
are singlets under SU(2)g,whereas doublets under
SU(2),.Thus gauge anomaly is absent
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Fermion Representation of our model for leptons and quarks in the
first family

0
IE - <ZO> ~ (1727 17 _1) ’ e,‘% ~ (17 17 17 _2) ’ VOR ~ (17 17 170)’
L

N ~0
/,%(”O) ~(1,1,2,-1) , &~ (1,1,1,-2) , 70 ~(1,1,1,0);
R

u° 1 4 2
ng 0> N(3a25137) ) UORN(3:]-’1’7) ) d,‘%N(?’vlala**);

), 3 3 3
A i° 1 4 . 2
QIO?: <AO> - (371’277) ’ Z\j?/\/(3/117) ’ dEN (111*_7)'

d R 3 3 3

Bracketed entries = transformation properties under
SU(3)c ® SU(2) ® SU(2)r @ U(1)yr. The charge generator :
Q= T3 + T3r + Y//2.
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o Mass terms between the singlet SM fermions and mirror
fermions are forbidden by Z>. However Yukawa interaction
between them with the singlet scalar are allowed

o In order to have Yukawa interactions between doublet and
singlet fermions for the SM and mirror sector,both the Higgs
doublets are taken to be even under 2>

@ SM fermions as well as right handed singlet neutrino is even
under Z and all mirror fermions along with left handed
singlet mirror neutrino is odd

o They are used to generate tiny neutrino masses ~ 10711 GeV
with a primary symmetry breaking scale of ~ 107 GeV
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~
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V=~ (wolo 261 + ) [(¢T¢)2+ (&ﬂ&)z]
- A1<¢T¢) (&Té) —-%u§x2+—%u3x3

1 s
+ P+ e (¢T¢ + ¢T¢)

o We also have a singlet (under both SU(2); and SU(2)g) real
scalar which is odd under the Z, symmetry: x ~ (1,1,1,0)

o (x) = vy, breaks the Z, symmetry spontaneously and enables
us to generate mixing between SM and mirror fermions
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Gauge boson masses and mixings

@ While mass matrix for the charged gauge bosons is diagonal with
masses M+ = gv/2,M,. = gVv/2
mass matrix for the neutral gauge boson sector is not. in the basis
(W3, W3, B), the neutral gauge boson mass matrix is given by

1 g2v2 0 _gglv2
M= = 0 g2‘72 7gglo2
_gglv2 _gg/ 02 g/2(v2 + 02)
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@ While mass matrix for the charged gauge bosons is diagonal with
masses M+ = gv/2,M,. = gVv/2
mass matrix for the neutral gauge boson sector is not. in the basis
(W3, W3, B), the neutral gauge boson mass matrix is given by
. 222 0 —gg'V?
M=Z= 0 g2‘72 7gg/02
_gglv2 _gg/ 02 g/2(v2 + 02)
o One eigenstate () is identified with the SM photon and the masses
of other eigenstates are given by,

1 g2_|_2g/2 g/4
2 _ 2 2
MZ = ZV 2+ ) 1-— 2 2 26
g +e& (g2 +&7?)
1 g/4
2 _ Lo ”
Ms = 4v (g +g ) 1+7(g2+g/2)26 ,

where, € = v2/¥2. Since ¥ >> v, the O(€?) can be neglected.
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Gauge boson masses and mixings

o This mass matrix can be diagonalized by an orthogonal
transformation R, which can be expressed in terms of two
mixing angle: 6y, and 6yy:

M2 2
60520W< W) _ & te"
e=0
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transformation R, which can be expressed in terms of two
mixing angle: 6y, and 6yy:

M2 2
00520W< W) _ & te"
e=0

M2 - g2 4 2g"?’
. M2 2
7/ o g-+8§
@ The couplings of our theory are related to the electric charge
(e) by,
e , ] 1 2 1

- , & = ——— which implies, — = — + —.
sinfy cosbyycost e2 g2 g

o Oy is not an independent angle, but is related to Ay as
sinfyy, = tanfy
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Fermion masses and mixings

@ Lagrangian invariant under our gauge symmetry as well as the 2,
symmetry is given by,
L > (@gw,g + @,gqsag) + hy xdrdy + h.c.

- % 0 do
70 70 . ~
o (@ @) v % (d,g) + he,
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Fermion masses and mixings

@ Lagrangian invariant under our gauge symmetry as well as the 2,
symmetry is given by,

L > yg (@gw,g + 62,&8{’) + hy ydrd, + h.c.

_ % 0 do
70 70 o ~
o (@ @) v, G <d,g) + he,

@ The charged fermion mass matrix can be diagonalized via bi-unitary
transformation by introducing two mixing angles.
@ The masses and mixing angles are given by:

v iR 2ME
me= e =\ T

2\2y¢ M0
tan260f, = fr tan20f =
R Y (V2 = 02) +2M2° L

Zﬁnyf?v
yi(v2—0%) — 2Mff
14/45




Neutrino Sector

@ The neutrino mass matrix with Dirac mass (m = f,v/1/2) and
(m' = £,0/\/2) and M, = h,v,, Majorana mass (M) in

(9,15, 9%, 09) basis (Assuming M,, ~ M ~ ¥):
0 m O 0
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0 0 o
0 Mw; m’ M
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(m' = f,0/V/2) and M,; = h,v,, Majorana mass (M) in

(9,15, 9%, 09) basis (Assuming M,, ~ M ~ ¥):
0 m O 0
m M 0 Ml,ﬁ
0 0 o
0 Mw; m’ M

o Eigenvalues of the neutrino mass matrix are (order of magnitude)

—m?/M, m' /N2, —m' ]2, 2M

@ To generate a light neutrino mass ~ 107! GeV with Yukawa of
f, ~10~* we need ¥ ~ 107 GeV

@ ¥ ~ 107 scale and M_; determines the masses of the mirror fermions
which for the first family is few hundred GeV to TeV range.
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Study of the properties of mirror fermions and bosons

o From the point of view of collider phenomenology, we are
interested in the interactions between SM particles and mirror
particles which give production and decay properties of the
mirror particles

o From study of the charged current interaction,neutral current
interaction and interaction Lagrangians of fermions with SM
Higgs and mirror Higgs =-mirror fermions can decay into a
SM fermion and a Z,W or H

o Apart from the known SM parameters and mirror fermion
masses, the decay widths of mirror fermions depend on
f; and O which are determined in terms of two parameters ¥
and Mf%
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Study of the properties of mirror fermions and bosons

For SM quark in MeV and mirror in TeV: siné; is about 10~°
whereas sinfg can be large depending on values of U and M,;

Mg [GeV]
sin@;
Mg [GeV]
sinBg

Se+06 le+07 2407 Se+06 les07 2407
v [GeV] v [GeV]

17/45



Study of the properties of mirror fermions and bosons

For sinf; = 107>, & decays to SM vector bosons dominatly over

Higgs.
Whereas, for sinf; = 10~°, VB decays dominates only for low sinfg

Branching Ratio

sind =10

aw

Branching Ratio

0.1 001 0.1
sinf sinf
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Signature of mirror fermions at the LHC

Vspp= 8 TeV
Vspr=14 TeV ---mome-
L 4
=
= o1t — 4
=1
\\
001 £ N E
\\
0.001 — . .
600 800 1000 1200 1400
M, [GeV]

o Both gluon-gluon (gg) and quark-antiquark (gg) initial states
contribute to the pair production (c“]f]) of mirror quarks

@ The LO pair production cross-sections of mirror quarks as a
function of their masses at 8 TeV and 14 TeV LHC

o §— qgZ, ¢ W and gH.Thus pair production of § gives rise to

a pair of heavy SM bosons with multiple jets in the final statleg/45
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Signature of mirror fermions at the LHC

o Pair production and the decay of mirror quarks in to gW and
gZ channels gives rise to the following signatures:

o 2 jets 4 2 Z final state: pp — §§ — (¢Z)(32)
o 2 jets+Z+W final state: pp — §§ — (q2)(g' W)

o If both mirror quarks decay into gW channel then 2 jets+2
W final state.As reconstruction is difficult in this final state
we neglect this for this paper

o We consider the reconstruction of mirror quark mass from the
invariant mass distribution of gZ pairs in this analysis which is
possible for the first two signal topologies only
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2 jets+2 Z-bosons signature

o We put p/9% > 100 GeV plp > 25 GeV,—2.5 < 5 < 2.5,
AR(j1,j2) > 0.7 and AR(/,j) > 0.4 Cuts
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More Cuts on 2j+Z+W final states:

14
SM Background ———

400 GeV
[ e —

Vo(doldAg)

o For 2 j+Z+W signature the signal contains a lepton and
neutrino arising from the decay of a W-boson.Large
backgrounds coming from this were diminished by using that
signal W-boson is boosted and imposing azimuthal angle cut
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More Cuts on 2j+Z+W final states:

SM Background ———
400 GeV ———
[ e —

Vo(doldAg)

o For 2 j+Z+W signature the signal contains a lepton and
neutrino arising from the decay of a W-boson.Large
backgrounds coming from this were diminished by using that
signal W-boson is boosted and imposing azimuthal angle cut

@ We imposed an upper bound of 1 on the azimuthal angle
between lepton pt and missing pr

o With other cuts alongwith A¢(pl, M/gspT) < 1 cut, 55%
background and 14% of signal was reduced at 14 TeV
(mg = 600 GeV) 22/45



2 jets+Z-boson+W boson signature after A¢ cut
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o Jet-Z invariant mass distributions after A¢ cut for the signal
(mg = 400 and 600 GeV) and SM background at 14 TeV LHC
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Sensitivity at the LHC in 99% CL
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o For 2 j42 Z final states at 8 TeV / (14 TeV) LHC 350 GeV
(550 GeV) mirror quark mass can be probed with integrated
luminosity 25 fb=! (72 fb~1)

o For 2 j4+Z+-charged lepton+missEt final states at 8 TeV / (14
TeV) LHC 400 GeV (600 GeV) mirror quark mass can be

probed with integrated luminosity 20 fb~! (37 fb~1) 24/45
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Conclusions

o Presented a realistic LR symmetric model with possibility of
discovering the low lying mirror fermions at the LHC

o Mirror fermions of the 1st family (&, @, d) are light with
relative mass spectrum.Thus with My < My, if a resonance &
is observed we expect a nearby d within few hundred GeV.
This makes the prediction of the model somewhat unique

@ The light mirror fermions I, d with masses around few
hundred GeV to TeV can be pair produced at the LHC.Also
the & will have even lower mass and can be looked for in the
proposed future ete™ collider.

@ The most striking signal of the model is the existence of
resonances in the jet plus Z channel. These resonances i, d
can be reconstructed upto a mass of ~ 400(600) GeV at the 8
(14)TeV LHC. We are not aware of any other model which
predicts such a resonance. Based on this paper, ATLAS has

started looking into the jet plus Z and jet plus W channel.
25/45
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@ The existence of the dark matter with amount about five times the
ordinary matter (Q2pm /2 = 4.83 £ 0.87) is now well established
experimentally and there are many candidates for this dark matter

@ There are many dark matter candidates in the literature like axions
(Weinberg,Wilczek,1978), VV||\/|PS(Neutra|inO(SUSY)(Farrar, Weinberg

1983), B(l)(Extra dimensions) (Servant and Tait, 2002 and Cheng,Feng,
Matchev,2002)), Hidden charged dark matter (Feng,Kaplinghat,Tu ,Hai-Bo
Yu, 2009) and more

@ Dark Matter could be just like the ordinary matter in a parallel
universe with (as)dark five times of o (Kronfeld, 2012) explaining
why the dark matter is five times the ordinary matter

@ The two sectors interact via the respective Higgs bosons. This will
lead to the invisible decays of Higgs boson due to existence of a
second light Higgs boson Hy,k in parallel world,which if in the
range of 4GeV of observed higgs, can not be resolved as a separate
mass in LHC

@ In this work,we have studied the invisible decay modes of the Higgs
in this situation with phenomenology at the LHC
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Model and Formalism

@ In this work, we assume two universes where the electroweak sector
is exactly symmetric, whereas the corresponding couplings in the
strong sector are different

@ The gauge symmetry is SU(4)c x SU(2), x SU(2)g for our
universe, and SU(4)- x SU(2); x SU(2)% for the parallel universe.

@ It explains charge quantization. We assume that that both universes
are described by non-abelian gauge symmetry so that the kinetic
mixing between the photon () and the parallel photon (') is
forbidden.

@ We also assume that post-inflationary reheating in the two worlds
are different, and the the parallel universe is colder than our
universe.(Bertulani et al,2012) This makes it possible to maintain the
successful prediction of the big bang nucleosynthesis, though g, here
will be more than g(T).|7=1mev = 10.75 at the Nucleosynthesis
due to extra light degrees of freedoms due to (7', €’ and three v's)
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Fermion Representation

o The fermions belong to the fundamental representations
(4,2,1) + (4,1,2). The 4 represent three color of quarks and
lepton number as the 4th color (Pati and Salam,1974).The
48(24 Left, 24 Right) Weyl fermions belonging to three
generations may be represented by the matrix

(5), (2), (), (),
(2, (), ), G| - e
), G, G, (7)),

o We have similar fermion representations for the parallel
universe, denoted by primes
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Gauge Sector

@ The model has 3 gauge coupling constants: g4 for SU(4) color
which we identify with the strong coupling constant of our
universe, g, for SU(4)" color of the parallel universe, and g for
SU(2), and SU(2)r and corresponding electroweak couplings
for the parallel universe (We assume g; = gr = g, = 8 = &).
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Gauge Sector

@ The model has 3 gauge coupling constants: g4 for SU(4) color
which we identify with the strong coupling constant of our
universe, g, for SU(4)" color of the parallel universe, and g for
SU(2), and SU(2)r and corresponding electroweak couplings
for the parallel universe (We assume g; = gr = g, = 8 = &).

o The 21 gauge bosons belong to the adjoint representations
(15,1,1), (1,3,1), (1,1,3)

@ (15,1,1) contain the 8 usual colored gluons, 6 lepto-quark
gauge bosons (X, X), and one (B — L) gauge boson

o (1,3,1) contain the 3 left handed weak gauge bosons, while
(1,1, 3) contain the 3 right handed weak gauge bosons. The

parallel universe contain the corresponding parallel gauge
bosons
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o Our gauge symmetry is SU(4)c x SU(2). x SU(2)r

@ SU(4) color symmetry is spontaneously broken to
SU(3)c x U(1)g—. in the usual Pati-Salam way using the Higgs
fields (15,1,1) at a scale V. ,where V. > 2300TeV/(Valencia,
Willenbrock, 1994)

0 SU(2); x SU(2)r x U(1)g— can be broken to the SM using the
Higgs representations (1,3,1) + (1,1, 3) at a scale V,g,where
Vir > 25TeV

o Finally the remaining symmetry is broken to the U(1)gum using the
Higgs bi-doublet (1,2,2) and (15,2, 2). Similar Higgs
representations are used to break the symmetry in the parallel
universe to U'(1)

0 SU(4)c ® SU(2), @ SU(2)r — SU(3)c ® SU(2), ® SU(2)r ®
U(l)B_L — 5U(3)C (39 5U(2)1_ (9 U(l)y — U(l)EM
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Higgs Sector

o A study of the Higgs potential shows (Senjanovic, Nuclear
Physics B 153(1979)334 — 364) that there exist a parameter
space where only one neutral Higgs in the bi-doublet remains
light and becomes very similar to the SM Higgs in our
universe. Similar is true in the parallel universe
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Higgs Sector

o A study of the Higgs potential shows (Senjanovic, Nuclear
Physics B 153(1979)334 — 364) that there exist a parameter
space where only one neutral Higgs in the bi-doublet remains
light and becomes very similar to the SM Higgs in our
universe. Similar is true in the parallel universe

o The symmetry between the EW sector in our universe and the
parallel universe will make the two VEV's nearly the same.

@ Thus the mixing terms between the two bi-doublets (one in
our universe and one in the parallel universe)

)\(HI/SHVS)(HESHDS) then leads to mixing between the two
light remaining SM like Higgs fields.
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Higgs Sector

@ The resulting mass terms for the remaining two light Higgs fields
can be written as :
Lscatar O Myshi + mpshs + 2Avysvpshy hy

from which two mass eigenstates and mixing can be calculated
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Higgs Sector
@ The resulting mass terms for the remaining two light Higgs fields
can be written as :
Lscatar O Myshi + mpshs + 2Avysvpshy hy

from which two mass eigenstates and mixing can be calculated
@ The two physical light Higgs states are defined as,

hgp) = cost hy + sinf h,
hgp) = —sinf h; + cosf hy

@ The masses and the mixing angle of these physical states are

given by,
1
2 2 2
M) o) = 5[(mvs + mps) F \/(m%/s — Mps)? + 4NV Vis]
2\ vys Vv
tan26 = %.
Mps — My

where vys ~ vps ~ 250GeV 32/45



Parameter space scan
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Phenomenology

@ In colliders when producing this light higgs boson, both hgp)

and hgp) states will be produced with respective factors of
cosf) or sinf. So when decaying they will decay to SM decay
modes along with dark sector decay modes. We,in our
ordinary world will see this dark sector decay modes as
invisible decay modes for the Higgs, the phenomenological
implications of which we study here.
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Phenomenology

@ In colliders when producing this light higgs boson, both hgp)

and hgp) states will be produced with respective factors of
cosf) or sinf. So when decaying they will decay to SM decay
modes along with dark sector decay modes. We,in our
ordinary world will see this dark sector decay modes as
invisible decay modes for the Higgs, the phenomenological
implications of which we study here.

o We study the different constraints on this mixing angle
between this two higgs coming from experimental data

o We also take into account Standard Model production cross
section and Decay Branching Ratios in different channels to
study the parameter space of mixing between two higgs
bosons in detail
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SM production cross-section, BR’s(Th) and Expt value of 1 at 8 TeV

Mass of Higgs(GeV) | 0ggr(pb) | ower(pb) | over(pb) | ova(pb)
123 20.15 1.608 1.15 0.1366
124 19.83 1.595 1.12 0.1334
126 19.22 1.568 1.06 0.1271
127 18.92 1.552 1.03 0.1241
BR(H—WW) | BR(H—2ZZ) | BR(H—~v) | BR(H—gg) | BR(H—ff)
0.183 218 x 1072 | 227 x 1073 | 871 x 102 0.687
0.199 241 %1072 | 227 x 1073 | 8.65 x 102 0.687
0.231 2.80x 1072 [ 228 x 1073 | 8.48 x 102 0.651
0.248 315x1072 | 227 x 1073 | 837 x 102 0.633
w=o/osm ATLAS CMS
H— WW = lvly 1.01+0.31 0.76 +0.21
H — vy 1.65 + 0.24(stat) T2 (syst) | 0.78 +0.27 s




Phenomenology (Analysis in H - WW — [vlv channel)
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H — WW — Ivlv rate in Present Model as a function of mixing
angle 6. The shaded regions correspond to ATLAS and CMS allowed
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Phenomenology (Analysis in H — -+ channel)
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Higgs decaying into diphoton rate in Present Model as a
function of mixing angle 6. The shaded regions again correspond to
ATLAS and CMS allowed p values.
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Phenomenology(Analysis in o x BR)
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Decay rate in Present Model as a function of mixing angle 6.
The shaded regions correspond to (o x BR)in, with Higgs (125GeV')
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o We present a model which solves the dark matter problem,
has charge quantization and gives phenomenological
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Conclusions

o We present a model which solves the dark matter problem,
has charge quantization and gives phenomenological
implications of it in colliders

o The two higgs bosons in both ordinary and parallel world are
light and comparable in mass(within 4 GeV) and when
produced in LHC cannot be resolved as two separate masses

@ This leads to very interesting invisible higgs decay signals
which are allowed by the present theoretical and experimental
constraints

@ We have shown that it can be studied in LHC and definitely
looked for in future proposed e+ e- collider like ILC
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Outlook

o My current and future planned research is based on model
building and analyzing the phenomenological aspects of
physics beyond the Standard Model in context of LHC

o | am currently working on a project involving scanning
parameter space for mSUGRA for interesting twisted signals

o | am also working on another project of looking for boosted
Higgs signal from left-right mirror model at LHC

o Along with the above mentioned, | am also interested in
particle cosmology, in identifying the real candidate or
candidates for the dark matter and the associated model
building and its implications for collider physics.
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Thank you!
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BACKUP: Mixing matrix Expression Gauge sector LRMM

The analytic expression for the mixing matrix R upto O(e) is given

by,
—cosfOy —cosfyysin®fyy e sinfyy
~ 25 ~ ~
sinfysinfy 1+ zgzzgx € —cosOw {1 — 51n49W6] sinfyy
. A~ 24 N oA N A
sinfycosfy |1 — %e sinfyy {1 + sm20W00529W6} costyy costyy
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BACKUP: 2 jets+2 Z-bosons signature at 14TeV
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BACKUP Higgs mass uncertainty in H — ~ channel
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BACKUP: 1 and o X BR;,,iple €xpression

Here we present the expressions for ;1 = o /oy and total
0 X BRjpyible for present model,

(oh1cos*0BRy1 /(1 + 24BREE sin®0)) + (o pasin® 0BRyy /(1 + 24BRES cos?0))

osym * BR
op1cos?Osin®0(BRIY + 25BRE)  oppcos?Osin®0( BRI + 25BRES)

o X BR; =
v 1+ 24BR% sin20 1+ 24BRE cos20
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