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LEFT-RIGHT SYMMETRY

* Gauge group extended to
SU@B3).xSU(2), xSU(2), xU1)5_,
* Quarks and leptons are all doublets.

* Origin of Parity violation as a spontaneously
broken symmetry.

* Solve the strong CP problem.

* Can naturally generate light neutrino mass.




LEPTON SPECIFIC LRS
UNIVERSAL SEESAW MODEL

® Gauge group extended to SU(3). xSU (2), xSU(2); xU (1), .

: . B-L
® Electric charge defined as Q =1, +1; =

® The SU(2),xU(1);_, symmetry is broken spontaneously at a
high scale leading to observed parity asymmetry at low scale.

® Additional Z, symmetry for lepton specific interactions.

® All fermions get their masses through seesaw mechanism.
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MODEL AND LAGRANGIAN

Quark and Lepton doublets Q, . 1 -

Higgs Doublets only H, g, H,), Hrq, Hy;.

No bidoublet - fermion singlets are needed to generate their
masses.

Fermion Single‘l's UL/R/ DL/RI EL/RI NL/R .

Extra Z, symmetry under which E, 5, N, », H| |, Hg are odd and

other fields are even.




Field SU3)c|SU2)L|SUR)r|U)p_1| 25
()
QL = ; 3 2 1 lg .
Uu
Qr = ) 3 1 2 5 |+
\ ¢/ 5
v
Ip = 1 2 1 -1 +
¢ L
lp = v 1 2 1 -1 1
€ R
UL, Ur 3 1 1 - +
Dy, Dp 3 1 1 -2 |+
EL, Eg 1 1 1 -2 -
Ny, Nr 1 1 1 0 -
H+
Hpo = RQ 1 1 2 1 +
RQ 0
H+
Hpo=| "¢ 1 2 1 1|+
0
HY(,
H-I—
Hp = kil 1 1 2 1 -
0
HRJ
H+
Hpy=| ™ 1 2 1 1 -




« Non-zero VEVs are given as

(Hao) =Veo (Ha )= e (Hig)=Vio: (Hi)=v,

with Voo,V >>V o >V,

RQ? LQ

Vro» Vg responsible for SU(2), xU (1), | = U(1),.

RQ?°

* Vig, V|| breaks EW symmetry.




Charged gauge boson masses are given as

| 1
Ma,;_; = 59:}2%(1’?%62 +om), My = 59%(”‘/\%@ +vLy).

Neutral gauge boson masses

gv (vig +vi)

M% ~
R 9% + g%

(9% + 9\2/)(’0?%@ +vgy) +

1
2

where
grLgv

gy = .
Vi + g%




The Yukawa Lagrangian is given as
Ly = (YuL@LﬁLQUR + YuRQRﬁRQUL + Y Q HroDr + YarQrHroDy

+ Yyl HyNg + Yy rlgH Ny + Yol HiEg + YeplgHr EL + MyULUg + MpD Dy
+ MgELER+ MyNNg+H.C.)+ M NLNp, + MrNrNg

Quark and charged lepton masses arise through Type-I
seesaw like matrix.

£, =(T U)(MUPL+MJPR)(S]

with M = ( 0 YuRVRQ)
’ YuT_VLQ M U

Diagonalizing requires bi-unitary transformation
M =V M V!

u’uRr




Up sector Y, Y, and M, are taken diagonal so CKM

generated from down sector.
CKM _ 1+ CKM _
U =UUq, Ug™ =URUg

These are 6X6 matrices with the top-left 3X3 corresponding to
the SM-like quark CKM.

Charged lepton

M _ ( O YeRVRI ]
i Ye-IlivLI M E




Neutrino mass matrix in the basis (v, ,N.,v,,N))
(0 Yy, 0 0
YVTLVLl M R O M :l

0 0 0 YaVq
. 0 My YV M)

Depending on M, two possible cases

1. Majorana case with M # 0: 3 light neutrinos 3
satisfying mass-squared relations and PMNS mixings, 3
neutrinos in the EW breaking scale, 6 heavy neutrinos
of TeV scale.

2. Pseudo-Dirac case with M, =0: Pseudo-Dirac like 3
light neutrinos, 3 heavy neutrinos.




The scalar po’ren‘rial is

V(H)= ZyHH H, +ZAH HHIH, +(aHlgH HioHy

i,j=1
I<j

ra,HiGH HE Hoo+ i HIGH, + 2 Hi He +H.C))
where H,=H,,, H,=H,;, H; = Hy,, H, = Hy,

Minimizing this potential and diagonalizing the CP-even, CP-
odd and charged Higgs mass-squared matrices. This gives

us 4 CP-even neutral scalars, 2 pseudo-scalar and 2 charged

Higgs bosons.




Mass

Particle (GeV) Eigenstate
H, 125.5 0.996 Re(H},) — 0.010 Re(Hp,) +0.080 Re(Hp,;) +0.027 Re(Hp,)
H, 2543.9 |—0.0289 Re(H},) — 0.381 Re(HY,) 4+ 0.001 Re(HY,) + 0.924 Re(HY,))
Hj 4229.0 | 0.001 Re(HY,) — 0.924 Re(H%,) + 0.005 Re(HY,) — 0.381 Re(HY,)
H, 7127.5 | 0.080 Re(HY,) — 0.005 Re(Hp,) — 0.997 Re(HY,) + 0.003 Re(HY,)
A, 217.0 0.001 Tm(HY,) — 0.707 Im(HY,,) — 0.008 Tm(HY,) + 0.707 Tm(HY,)
Ao 7127.7 | —0.080 Im(HY ) — 0.006 Im(H$) + 0.997 Im(HY,) + 0.006 Im(H,)
Hf 225.8 —0.707H ;, + 0.707H
H 7127.5 0.080H;, — 0.997TH,

a,=-03, a,=0.1, 4,=0.172, ,=08, 4,=0.05, 4,=-0.1, 4, =05, 1, =0.1,
A,=01, 1,=02, 4, =0.1, 4, =0.1, 7, =2.5x10%, g, =2.5x10"




PHENOMENOLOGICAL IMPLICATIONS

Values of the VEVs
Veo = Ve =4.5 TeV, v, =173.4 GeV, v, =14 GeV

Unlike SM Yukawa couplings range can be much smaller, here from

10-3 to 1.

Yll ~Y11 ~Y11 ~10—2 Y22 ~Y22~Y22 NIO_I Y33 ~Y33~Y33
~ ~ dL

u(L/R) d(L/R) e(L/R) > Tu(L/R) dR e(L/R) > Tu(L/R) e(L/R)

~1

Off-diagonal elements Y,/ ~107.
Left-handed CKM matrix consistent with the experimental values.
Right-handed CKM is almost identity matrix as Y, is diagonal.

Heavy quarks and charged leptons have an inverted mass

hierarchy compared to SM case.




Mixing between SM and heavy states very small except top quark.
Right-handed component of top quark almost entirely from singlet.

Effect is clearly seen in Wy branching ratio plot.
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Up-type Quark

Down-type Quark

Charged Lepton

Neutrino

Majorana

Pseudo-Dirac

M7y = 4.51 TeV,
Mc = 6.17 TeV,

My = 30.0 TeV

Mg = 3.97 TeV,
Mg = 10.4 TeV,
Mp =172 TeV

Mg, = 6.13 TeV,
Mg, = 9.92 TeV,

Mg, = 12.3 TeV

M,, = 136 GeV,
M, = 258 GeV,
M, = 317 GeV,
M, =9.07 TeV,
M,, =9.13 TeV,
M,, =9.16 TeV,
M,,, = 11.06 TeV,
M, . =11.1 TeV,
M,,, =11.2 TeV

M,, = 200.0 GeV,
M, = 300.0 GeV,
M,, = 400.0 GeV




Majorana neutrino case

M, =M, =Diag(10*,10,10%), M, =Diag(10’,10°,10°), Y,; ~0.1, Y, ~107

Pseudo-Dirac neutrino case

M, =M, = Diag(200,300,400), M, =0, Y, =

_Vu
VR|
~107° which leads to Y, ~107".

Y.,

Correct light neutrino mass Y |

ij




Left-handed Yukawa Couplings for Majorana Case Left-handed Yukawa Couplings for Pseudo-Dirac Case
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yiu you
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Normal hierarchy is considered here.

Most of the points show Y .. is largest while Y, is the
smallest.




NEW COLLIDER SIGNALS

« The light charged Higgs is linear combination of right-handed
doublets.

*  Majorana neutrinos of mass at the EW scale are part of the right-
handed doublet and decay mainly into charged Higgs and leptons.

« They can be pair produced through the Z, exchange DY processes
leading to a very interesting final state

pp—vavs —e e HTH'Y — 2e™ +2t+2b
when charged Higgs is heavier than top mass.

If charged Higgs is heavier than the heavy neutrinos we get an
entirely different signature

pp — H+ H — I/jUjE_-FE?;_

1




CONCLUSION

« We propose a LR symmetric model with fermion mass
generation through universal seesaw mechanism.

« Lepton specific interaction due to additional Z, symmetry.

« Soft breaking the Z, symmetry avoids domain wall problems.

+ Neutrinos can be either Majorana or Pseudo-Dirac like.

« Lepton specific interactions lead to unique collider signals

which we are studying for an upcoming work.
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¢ Origin of parity violation

- Gauge group of Standard Model is SU (3), xSU (2), xU (1), .

- Parity is explicitly broken.

- It would be desirable to understand the origin of parity
violation as spontaneous.




¢ Strong CP Problem

—0
» CP violation is seen in the weak forces sector (e.g. K — K

mixing) but not in strong forces.

One can write CP and P violating term in the QCD Lagrangian
ng a (~auv
%CD = 3272_2 GﬂVG :

Actual physical observable is

0 =0+ Arg(DetM ) M, — quark mass matrix

Experimental limit from neutron electric dipole moment

measurements constraints 6 <107 .
This is the Strong CP problem.




¢ Neutrino Oscillation

= Neutrinos of different flavor ( Ve, V,,, V5) can oscillate
into one another due to hon-zero neutrino mass and mixing

angles.
= Flavor eigenstates of neutrinos are linear combination of
field of three (or more) neutrinos (1/;) with non-zero mass.

vir(z) =Y Uyvjr(z) =€ .7
= From current experimental results, defining Amg =m’ —m’
Am3, = 7.5970%2 x 107° eV?
5 (2.45 + 0.09) x 1073 6V2, for m1 < mo < ms
Amg = +0.10 3 172
—(2.34_0209) X 1072 eV =, for ms < my1 < mgy




= Extension of Standard Model with a right-handed neutrino
(N) which is a singlet under SU(2),, will have terms

1
Lo mass = mprrNC + §mRNCNC | m, =Y v

= Solving for the light neutrino mass gives

mp
mpeg

We can getm, ~ 0.1 eVwithm, ~10* GeV andY, ~10™.

= This is the Seesaw mechanism.




