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| Phenomenological constraints

» Extra neutral leptons which couple directly to
the Z: M > My /2 ~ 46 GeV .

# Extra charged leptons: M > 100 GeV'.

» Bound on a 4th generation down quark:
My > 200 — 250 GeV. (A number of
assumptions are made In obtaining this
bound)

» No firm bound on quarks that decay
from a sequential quark. For “very

long lived” quarks that can leave a charged
track, the lower bound is approximately |
200 GeV.
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| Phenomenological constraints

» Contributions of the mirror fermions to the
anomalous magnetic moment of the electron
and the muon?

» The magnitude of the magnetic moment for
the electron or muon: = (1+a)5L; a = 922

IS the anomalous magnetic moment g=21In
Dirac theory without radiative corrections.
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» Take as an example a mirror fermion mass
(quark or lepton) to be 200 GeV'. Electron:

at) ~ 10718 Muon: o\ ~ 10~14. We have not
reached that kind of sensitivity yet!
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» In 4th order QED, alV ~ - (-"—)2(2)?

» Take as an example a mirror fermion mass
(quark or lepton) to be 200 GeV'. Electron:

at) ~ 10718 Muon: o\ ~ 10~14. We have not
reached that kind of sensitivity yet!

»# Last but not least: The addition of mirror
generations to the S parameter can be offset
by a negative contribution from the triplet
scalar sector. In addition, Majorana fermions

can have negative contributions to S. |
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# Non-singlet Majorana neutrinos with
electroweak scale masses = lepton-number
violating processes at electroweak scale
energies.

# [or singlet vg’s, the iIssue is much more
complex, involving delicate cancellations in
the Dirac mass matrix to keep the light
neutrinos light.

# Doubly charged Higgs = lepton-number
violating processes at electroweak scale
energies.
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»# |n particular, we should be able to produce
vr'S and observe their decays at colliders
(LHC, etc...) as well as a doubly charged
Higgs that decays into two like-sign mirror
charged leptons which subsequently decay
Into SM leptons.

o — Characteristic signatures: like-sign
dilepton events = A high-energy equivalent
of neutrinoless double beta decay. (see also
Keung and Senjanovic (83) for L-R model.)

# That could be the smoking gun for Majorana |
neutrinos!
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» Interactions of mirror fermions with W: £¢¢ =
(355) 22 i " (L) [T W+ T~ W

» Interactions of mirror fermions with Z:
LNC = (i) Zu A 7Y A (L 35) v+

4 cos O

i€ [(—1 44 sin ) — ]l 1
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» [nteractions of mirror fermions with triplet
Higgs:
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| | mplications at the LHC

» [nteractions of mirror fermions with triplet
Higgs:
ing%’Taz(TQX)l% — QM(—G%’TUQ\% X+Vf\;>,4 +
V%’TO'QV% —— e%’Tage% YT — V%’Tage% % XT)
» [nteractions of mirror fermions with ¢g:
Lg = gg Z}L—J 0FS l% + g:gl 6% g €]LW + H.c.
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» Notice vy Is a Majorana neutrino and Is its
own antiparticle.
# Production of vg’s. Elementary processes:
s 0% q+q— Z — vp+ vp; 50%
q+q— 24— Vr+UR
s 50% u+d— W —vgp+1n" 50%
u+d—WH =g+t
s 50% a+d— W~ — p+ 1 50%
i+d—W- = v+l
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| | mplications at the LHC

» Elementary process — production cross
section: parton model. ¢ and ¢ carry a
fraction z, and x;, of the momentum of the
parent hadrons a and b. Need the “parton
distribution functions”: fz.(‘g) (x4, M?) and

f.(? (zy, M?), where M? is the invariant mass

L,

squared of the outgoing particles.

» At the Tevatron, we have p + p collisions with
a center of mass energy: /s = 1.8T¢eV.

» Atthe LHC, we have p + p collisions with a |
center of mass energy: /s = 14TeV.
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» How many vy pairs at the LHC? Recall:
1 barn = 10~** em?, 1 pbarn(pb) = 107 em?,
1 femtobarn(fb) = 107°pb = 107 ecm?.

o M =200GeV = o ~ 0.1pb = 10737 em?

» Number of vy pairs: N = Lo where L Is the
luminosity (number of particles per unit area
per unit time in the beam).

» With maximum luminosity at the LHC
L =10%cm 2571 N ~ 30,000/year!
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| | mplications at the LHC

» Some vg are heavier than some e%':
VRi — e]}{j + W followed by e]}{j — err + @g.
® VRi+ VR — epp+en+WT+WT + ¢s + ¢

o err +ep (BE=1ork#1[)+
2 Jets (from W) plus missing energies (from
®5) = Lepton-number violating signals!
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» Appearance of like-sign dileptons
(e“e ,u pu ,7 7 ,e u,.)could beata
or near the beam pipe
depending on how small or how large gg; ISs.

» If g5 is small and from e, — erx + ¢s, ONe

could have a not-too-small charged track from
en; before its decay.

» There is another like-sign dilepton signature
with a different jet structure in our model:

Production and decay of y*. |
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# 1 can be produced in a collider such as the
LHC via a Weak Boson Fusion (WBF)

process followed by its decay into e+ eM:+
which subsequently transform into a pair of
SM like-sign dilepton plus missing energy.
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# 1 can be produced in a collider such as the
LHC via a Weak Boson Fusion (WBF)

process followed by its decay into e+ eM:+
which subsequently transform into a pair of
SM like-sign dilepton plus missing energy.

M M
o WH4+WT =y e +ep " —

T+ 17+ ds + ¢s.

—
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| | mplications at the LHC

- with like-sign dilepton
from vy vr production?

» For x**: Only forward and backward jets from
the colliding hadrons.

» For vy vg. Forward and backward jets 2
jets or leptons from the 2 W'’s.

—
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» Cross section for ¥+ production via the WBF
process very similar to SM Higgs production
via WBF.

» For M, ++ ~ 400 GeV (like a 400-GeV Higgs),
one expects: o ~ 1 pb. With maximum LHC
luminosity: N = Lo ~ 3 x 10°/year.

than the expected
v pair production with M ~ 200 GeV'!

o Notice that the ™ production “measures”

the Majorana coupling g;; = Implications on
the right-handed neutrinos mass M = gpvyy. |
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» For example: W+ W= W WT with 2 like-sign
W’s decaying into a charged lepton plus a
neutrino (“missing energy”) could be a
background for
Vpi + Vg — e e +WT +WT + g + ¢g.

» However, this is of O(az;;) in amplitude smaller
than the lepton-number violating process!

—
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(for a generic doubly-charged scalar) could
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o WH4WT x> WT4+ Wt = FJulivg
(for a generic doubly-charged scalar) could
be a background for the lepton-number

violating process W 4+ W+ — x7* —

ep't +ep ™ — I +1f + ¢s + bs but it could

differ in the location of the like-sign dileptons.

» The background generally occurs close to the
beam pipe while the lepton-number violating

process could occur at some distance away. |
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» Depending on the mass differences between

vg and e¥, the decays and consequently the
signals can differ from the ones shown above.
Work in preparation with Dilip Ghosh and

Nguyen Nhu Le.

—



| | mplications at the LHC

» Depending on the mass differences between

vg and e¥, the decays and consequently the
signals can differ from the ones shown above.
Work in preparation with Dilip Ghosh and
Nguyen Nhu Le.

» Deep link between the nature of the
spontaneous symmetry breaking of the SM
and the electroweak-scale right-handed
neutrino sector! This extended Higgs sector
was studied in Alfredo Aranda, J.

Hernadez-Sanchez and PQH, JHEP |
0811:092,2008.



| Radiative.corrections

# The interactions:
Ls= (I} g I} + e% gq i) ¢ + H.c. can give
rise to lepton flavor violating (LFV) processes
such as

o~
<.

o~
S,

e ,I
/
\ )/
N ,
N ’
\\\ _-
bs |
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» One can estimate B(u — ev) and B(t — uy)
from the previous diagram PQH, PLB 659,
585 (2008).

SRR VR B .
* Blu= ) = s mhmeone ari * ()’

my,

® B(pt— ey)erp < 1.2 x 1071,
B(T — 117)eap < 6.8 x 1078 (Babar);
B(T — p17)eap < 4.5 x 107° (Belle).
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» Inthe model, UF = U} g5 UL" where UL and

UL are matrices that diagonalize the SM and
mirror charged lepton mass matrices.

» In a special case where branching ratios
could be observable,
E 3. 17k . JTE 2
UZGN)\,UZMN)\,UZTN)\

» |n that special case, A < 0.01.

—
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o For A~ 0.01 = decay lengths!

» For decay lengths of O(cm) of
arger, A would be extremely small =

B(p — evy) and B(r — uy) would be
|
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| Radiative.corrections

o For A~ 0.01 = decay lengths!
» [or decay lengths of O(cm) of
arger, A would be extremely small =

B(p — evy) and B(r — uy) would be
|

» Interesting correlations between LFV
processes and LHC signatures!

—
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# From mirror fermions = V+A contributions to
V-A SM interactions were calculated with
emphasis on possible Witb anomalous
couplings (With Phuoc Ha, in preparation).
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| Other Implications

# From mirror fermions = V+A contributions to
V-A SM interactions were calculated with
emphasis on possible Witb anomalous
couplings (With Phuoc Ha, in preparation).

» Astrophysical implications including
possibilities of warm dark matter, pulsar kicks,
etc..from an extension of the model. (PQH,
Nucl.Phys.B805:326-355,2008) which, in
addition to active right-handed neutrinos,
Include sterile left and right-handed neutrinos,

some of which have keV masses. |



| Conclusion

# |t took more than seventy years for neutrinos
to mature into an exciting field with wide
Implications.



| Conclusion

» |t took more than seventy years for neutrinos
to mature into an exciting field with wide

Implications.

» Much remains to be known about the nature
of the neutrinos: Is it Dirac or Majorana? How

do we find out why It is so light?

—



| Conclusion

# |t took more than seventy years for neutrinos
to mature into an exciting field with wide
Implications.

» Much remains to be known about the nature
of the neutrinos: Is it Dirac or Majorana? How
do we find out why It is so light?

» Much awaits to be known about the nature of
what gives masses to elementary particles.

—



| Conclusion

# |t took more than seventy years for neutrinos
to mature into an exciting field with wide
Implications.

» Much remains to be known about the nature
of the neutrinos: Is it Dirac or Majorana? How
do we find out why It is so light?

» Much awaits to be known about the nature of
what gives masses to elementary particles.

» Are the above two questions deeply linked to

each other? |
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| Conclusion

» Perhaps the Large Hadron Collider (LHC) can
tell us something about that?

» |n the meantime, let’'s have a quick tour of the
facilities....

—



Tour 1

CERN




Tour 2

CERNZ2




Tour 3

CERNS3
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T he machine




CM S detector

CMS




AT LAS detector

ATLAS




| Simulation of a Higgs event

Higgs
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