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Introduction
Standard Model particle content
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The Standard Model particles.




Introduction
Standard Model (Excellencies)

SU(2). @ U(1)y ® SU(3)c

@ Tested at
LEP (ete™), SLC (e"e™), Tevatron (pp), HERA (e~ p), PEP-Il (e*e™),
KEKB (e"e™) and recently at LHC (pp).

@ 20 GeV to 8 TeV Explored.

@ All the particles predicted by the Standard Model, namely
7 (1975), v (2000), ¢ (1974), b (1977), t (1995), gluons (1979), W, Z
(1983) and Higgs (2012),

have been discovered.

@ Fits precisely.



Introduction
Standard Model (Deficiencies)

@ Neutrino masses and mixings

(S. Goswami, A. Raychaudhuri, Y. Y. Keum, R. Srivastava)

Dark Matter (G. Rajasekaran, S. Vempati)

Baryonic asymmetry of universe

Flavor problem

Hierarchy or naturalness problem (R. K. Kaul)

Gauge symmetry problem

Charge quantization (B. Bajc, Z. Tavartkiladze)



Grand unification
Gauge structure of three forces + Higgs Mechanism + A hint from gauge couplings evolution

\\\'\ . \
- — Gauge coupling evolution
Oai _ b
3 ,uaﬂ =5 % +0(2) + Yuk. (1)
I -
For
SU(2).® U(1)y ® SU(3)¢
0
2 4 6 8 10 12 14 16 18 b= (-19/6,41/10,-7) (2)

log;o(WGeV)

Borut Bajc
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Grand unification
Simple tuning of unification scale
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Gauge coupling evolution

60[,‘ b/ 2

] For

SU(2)L®@ U(1)y ® SUB)c
b= (—11/6,41/10,~7) (4)



Grand unification
Simple tuning of unification scale
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Gauge coupling evolution

Oai _ b
m o = 5 + O(2) + Yuk. (5)

For

SU(Z)L & U(1)y & SU(3)C
b= (-11/6,41/10,-5) (6)



Grand unification
Minimal Supersymmetric Standard Model

Below TeV

SU(2)L ® U(1)y ® SU(3)c

(V)]

b=(-19/6,41/10,-7) (7)

SUBk 1 Above TeV

2 4 6 8 10 12 14 16 18 b=(1,33/5,-3) (8)
log;o(WGeV)

Borut Bajc



Grand unification
Minimal Supersymmetric Standard Model

TeV scale SUSY.

Stabilizes the fine tunings.

Cold dark matter candidate.?

@ MSSM+Seesaw extension=- Neutrino parameters || SUSY-GUT.2

@ But, no SUSY has been seen yet.*
C.S. Aulakh, S. Vempati, U. A. Yajnik, K. S. Babu, R. Mohapatra. . .

2Fowlie et al, Han et al
3Mohapatra, Altarelli, Babu, Senjanovic, Aulakh, Ma
4ATLAS and CMS results



Grand unification
non-SUSY

@ Intermediate symmetries for unification of interactions.

@ Low energy predictions?



Grand unification
From SO(10) to SM

(1,3,10)/(1,2,4)



Grand unification

Nomenclature

Gia = U(1)qep ® SU(3)c
Gs/51 = SU(5)/SU(5) ® U(1)x
Gz = SU(2)L ® U(1)y ® SU(3)c (SM)
Gora = SU(2)L ® U(1)x @ SU(4)¢
Gazs = SU(2), @ SU(2)n ® SU(4)c (PS)
Gaoap = SU(2), ® SU(2)r ® SU(4)c ® D (PSD)
Garis = SU(2)L ® U(1)s—L ® U(1)r ® SU(3)c
Goz13 = SU(2)L ® SU(2)r ® U(1)s— ® SU(3)¢ (LR)
Ga213p = SU(2). ® SU(2)r ® U(1)s-L ® SU(3)c ® D (LRD)
(9)



Grand unification

Nomenclature
(1,1,15)g,,, C 45,210
(1,3,0,1) Gy C (1,3,1)G,, C 45
(1,0,15)g,,, C (1,3,15)g,,, C 210
(1,3,0, 1)62213 (1,3,15)6,,, C 210
(1,1,=1,1)G,,5 € (1,1,10)g,,, C (1,3,10)g,,, C 126
(1,1, =1, 1) 6,15 € (1,3, =1,1) g0, € (1,3,10)g,,, C 1267
(1,1/2,-1/2,1) Gy € (1,1/2,4)6,,, C (1,2,4)6,,, C 16
(1,1/2,-1/2,1) 6, € (1,2, =1/2,1) G015 C (1,2,4),,, C 167

The multiplets participating in SSB by acquiring VEVs in the invariant direction
of the residual symmetry.



Grand unification
From SO(10) to SM

(1,3,10)/(1,2,4) 5

5Chang et al (1984), Gipson et al (1984), Bertolini (2009), Fukuyama et al (2004)



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

The Model®

Required multiplets

B®16+3®1)F+(2® 10+ 16 + 45); + 456

@ Two step breaking scheme
ML M2
S0(10) s Gonis 2 Goris -2 SM
45 45 16

6SUSY analog: Bhupal dev, Mohapatra, 2010

(11)



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Excellent Gauge coupling unification
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Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Proton lifetime, Experimentally verifiable unification scale

g4
o Mp— et <M%)

e Exp bound: 1.01(1.4) x 10%%yrs, 7

e Model Prediction: 2 x 10%4+0:32yrg

Nishino et at (2009), Babu in arXiv:1205.2671



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Saving the model

T
> — minGy; | ]

_ 40 N, —  expt. 7]
|7} I ‘ 1
L ~ ]

§ . o — extGy5 |
= 38~ _ I — = exXtGpap | ]
~ r ~ . i
l—’g.‘ L ~ ~ 'S ]
= 36¢ S~ S .
) C ~ .. ]
kS r ~ ~ . ]
34 e e E_*_\ ....... 3

C ~ ]

- N — —

32' 1 M L ]

5 10 15
logm(mg/ GeV)

@ Enhancement in proton lifetime is due to presence of a color octet scalar

(1,0,8) in the model extension.



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Yukawa Lagrangian, seesaw matrix

Lyx = Y216.16.10% + ¥, 16.1.16], + pug1.1
H X H

o Y, pd? + y, YrSxR + usST S+ h.c.

@ In (v,N®, S)" basis the full neutrino mass matrix® is

0 M, O
M= M) 0 M
0 M us

9x9

@ Mp=Y,vy,, M =Y,v, and us are unknown at low energy.

@ us << Mp < M.
S. Vempati, K. S. Babu

8Mohapatra (1986,2010)

(12)



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Yukawa Lagrangian, seesaw matrix

Ly = Y36.16.10% + y,16.1.16], + ps1.1

o Y&, rd% + y, YrSxR + usST S+ h.c.

@ In (v,N®, S)" basis the full neutrino mass matrix® is

@ Mp=Y,v, M= Y,v, and ugs are unknown at low energy.

@ s << Mp < M.

S. Vempati, K. S. Babu
8Mohapatra (1986,2010)
9Grimus(2000)

(12)



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Inverse seesaw

@ This complex symmetric matrix can be block diagonalized by a 9 x 9
unitary matrix V such that

vy == (o o) (14

where m, is light neutrino mass matrix and is further diagonalized by a
unitary matrix, say, PMNS; and My is the heavy neutrino mass matrix.



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Inverse seesaw

@ In pus << Mp << M limits, The full diagonalizing matrix looks like

— 1xxt —y X
2T 1,1 1,1 U0 1
Vo y 1-1yly  Iylx - (15)
—xt o ixty 1-ixix
where y = Y s and X = .

@ The light and heavy neutrino mass matrices get the form

M, Mp\ "
m, =~ VD“S<VD> = XusX' (16)
-M 0 )
M, =~ + O(FM3 /M) (17)
0o M

@ |njss = [XXT|asz < [2.7 x 1073]"°

10Kanaya, Antusch, Smirnov, Altarelli, Malinsky, Aguila, Schaff etc.



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Inverse seesaw

@ In pus << Mp << M limits, The full diagonalizing matrix looks like

11— 1xxt —y X
2T 1,1 1,1 U0 1
Ve y 1T-3y'y  y'X o U (15)
H
—xt IXty 1-1xix
where y = Y s and X = .

@ The light and heavy neutrino mass matrices get the form

M, Mp\ "
m, =~ VD“S<VD> = XusX' (16)
-M 0 )
M, =~ + O(FM3 /M) (17)
0o M

@ |njss = [XXT|asz < [2.7 x 1073]"°

10Kanaya, Antusch, Smirnov, Altarelli, Malinsky, Aguila, Schaff etc.



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Dirac mass matrix estimation, Non-unitarity constraints on M

0.0151 0.0674 — 0.0113/ 0.1030 — 0.2718i
Mp = | 0.0674 + 0.0113/ 0.4758 3.4410 + 0.0002/ | GeV.
0.1030 + 0.2718/ 3.4410 — 0.0002i 83.45
(18)
Non-unitarity constraint
170.0845 11.8405 6963.9 2 _3
5{ e + e + e GeV® <27 x 1077, (19)
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Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Lepton flavor violation

@ Heavy neutrino contribute to Lepton flavour violating (LFV) decays'"

o1+ N _
Loc = _%/w“(/\/zf +KPHYW, + hc. (20)

2

BR(lo — Isy) (21)

6 2
i=1 ekl (W)

where K = Vsys ~ (0, MpM~" ) Usxs.

@ LFV decay are severally suppressed in Type-l seesaw scenario.

@ The matrix (XX) may lead to large LFV decay in inverse seesaw.

" llakovac and Pilaftsis (1995)



Non-SUSY SO(10) with TeV scale Z’ and Inverse seesaw

Estimates of Lepton Flavor Violation

BR(p—ey) = 20x10 (<57 x107"),
BR(r »ey) = 22x10 " (<33x107%),
BR(r — uy) = 3.0x107"2(<4.4x107%).

Current experimental constraints'? are given in the brackets.

2MEG (arxiv:1303.0754), Bell (2010, 2011, 2012), BaBar (2009, 2010), PDG (2012)

(22)



Non-SUSY SO(10) with extended Inverse seesaw

Predictions

o TeV scale Wg, Zp
en—n

e Rare Kaon decay

o Lepton flavor violation

e New contribution to 0v35.



Non-SUSY SO(10) with extended inverse seesaw

Breaking scheme'®

M,
so(10) =%
54
Mp
210
M,
Me,
45
Ma,
210

g
126+16
Mz
==

Go2ap || QoL = G2or
Goz24 || QoL # Gor

Goo13

Gia. (23)

8Chang et al (1985), Chang and Kumar (1986)

SO(10)

I5 3l ol

210

0
Mg

ey
126+16

M,
Mz,

Gooap || QoL = Gor
Goo4 || Gor # Gor

Go113

SM

Gis. (24)



Non-SUSY SO(10) with extended inverse seesaw

Gauge coupling unification
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Non-SUSY SO(10) with extended inverse seesaw

Proton decay prediction in the model at left

w
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wW
w

Dependence of unification scale on the mass of bi-triplet (3,3,1) in the model
at left.



Non-SUSY SO(10) with extended inverse seesaw

Extended inverse seesaw

Ly = YZEL Ya® + fpivaAr + Fip Sxr
+ STusS+hec. (25)

@ Inthe (v, S, N°)" basis the mass matrix is

0 0 Mp
ML MT My

@ Here Mp = Y'(®), My = F(A%), M = F(x%).



Non-SUSY SO(10) with extended inverse seesaw

Extended inverse seesaw

Ly = Y, vrd®+fyivaAa+ FgSxa

+ ST,LLsS + h.c.

@ Inthe (v, S, N°)T basis the mass matrix is

@ Here Mp = Y'(®), My = F(A%), M = F(x%).

(26)



Non-SUSY SO(10) with extended inverse seesaw

Extended inverse seesaw

m, ~ MM "pus(MpM~")"
ms ~ ps— MMy'M"

& my =~ My .



Non-SUSY SO(10) with extended inverse seesaw

Extended inverse seesaw

The collective mixing matrix is

Vil Vi Vik
= So S8 SN

Vo= | Ve Ve Vi

ND NS N
Vvi va V’Yk

(1-1xxHyu, (X —12Y1) Us Z Uy
o~ ~X" U, (1- XX+ YY) Us (Y=1XTZ)Un |,
y XU, —Y' Us (1-1Y'Y) Uy

(30)

where X = MpM~", Y = MMy',Z = MpMy',andy = M~" us



Non-SUSY SO(10) with extended inverse seesaw
LFV

* Lepton flavor violation predictions are same as
discussed in previous model.

% The predicted values are only 3 — 6 order less than
present experimental bound.



Non-SUSY SO(10) with extended inverse seesaw

n — n Oscillation

u’ <AW€ UB-L u d° (Aw) =vp_g d°
B 1§ Agege
- === - - - = mlm = P =
-* ! Azzdﬂ _* 1 AdCdC
Adcdc! Aucuc!
d° & d¢ P
dC//\\dC u“//\\uc
(@ fiAve 1 ®) RiAVeL 14
Ampr77f7 — W, Ampniﬁ — W, (31)
ucde dede dcde uCue

where fis = (fayeqe )1 = (Tagege )17 = (Tae,e )4 € 1264

~ 0(0.1) — O(1).

"“Babu et al (2013)




Non-SUSY SO(10) with extended inverse seesaw

n — n Oscillation

The n — n mixing mass element
s = (10—4 GeVs) - We_s.

where Ws_; = Amp@ + Amp®.
The experimentally measurable mixing time

1
(Smnﬁ
= 10% — 10" secs.

Th—i -

% Accessible at ongoing experiments.

(32)



Non-SUSY SO(10) with extended inverse seesaw

Rare Kaon decay

KE — uFet



Non-SUSY SO(10) with extended inverse seesaw

Rare Kaon decay

r(K tet
Br(K. — pé),, = (K. — p~e7)

0 2 2 47x107"?
o = TR s an)

4m?as(Mc) my R 15
G2 sin® Ocmz (ms + mg)® M

Br (K, — 18) =
2

R= [9211SR§?§H§?)39§%DRS&R§3:D
[FL(MCa Mg)}

= [Falvoar ;
Model dependent Model independent

"SParida and Pusrkayastha (1996), Deshpande and Johnson (1984)



Non-SUSY SO(10) with extended inverse seesaw

Rare Kaon decay

Fi(GeV)

8e+06

7.5e+06 -

7e+06

6.5e+06 -

6e+06
6.2

6.25 6.3 6.35
logy(Mc/1GeV)

Mg > 1.86 x 10°GeV.

6.4

(38)



Non-SUSY SO(10) with extended inverse seesaw
01/,8,816

n W, p n Wy, p n wp,
v T e vie T viN T
U; S.L Nz
S N
Vet Vi yv!

(a) (b)

"6Bilenki, Mohapatra, Mitra, Rodejohan, Senjanovic, Vergados, Vissani etc

(e)



Non-SUSY SO(10) with extended inverse seesaw

Sterile neutrino contribution to Ov 33




Non-SUSY SO(10) with extended inverse seesaw

Sterile neutrino contribution to Ov 33

M4

Wi j= p

v 2
A,L,LocL Z (ve/)z My,
1,2,3

1

2;( i)

MA

W Sj

<N 2
vN
1 (v¥)
D :
L k=1,2,3 M
which lead to effective mass parameters

) )
my o~ > N&m,, N =V’
i

M3 ;M
S N;
my o~ 72 Dei i ‘p2|

4
i M;
2
N MDei 2
my o~ E L
7 M

(41)



Non-SUSY SO(10) with extended inverse seesaw

Sterile neutrino contribution to Ov 33
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Effective mass due to sterile contribution.



Non-SUSY SO(10) with extended inverse seesaw

Recap (Light neutrino contribution to 033 and the current experimental probe)

01 F

1e-05 0.0001 0.001 0.01 0.1 1
M,,(eV)

The Yellow and green horizontal bands correspond to the range of effective
mass for Heidelberg Moskow result and combined 3¢ Xe bound.

S. Goswami, Y. Y. Keum



Non-SUSY SO(10) with extended inverse seesaw

Effective mass vs lightest sterile mass (Cancellation in light and sterile contributions)'”

@ The combined absolute effective mass

2 2 2
|meg” = Imi°|" +[m&|” + 2|m?| - |m&®| cos(¢)

and may lie between (|mS®| — |m&|)? and (|me®| + |mE|)2.
° .
M = My CaCo5 + MaSTaCiae™2 + mysise

82 1
mg = —|p® Z:VeiS M
i i

""Pascoli et al. (2013)

2icz+dcp

(42)



Non-SUSY SO(10) with extended inverse seesaw

Effective mass vs lightest sterile mass (Cancellation in light and sterile contributions)

S 04
o
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£
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0.001
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Mg, (GeV) Mg, (GeV)
1k ]
S 041
C E N
&5
£
0.01 m,=0.23 eV
0.001
5 10 15 20 25 5 10 15 20 25
Mg, (GeV)

Ms, (GeV)

Figure - Green band — allowed light neutrino contribution. Yellow band — combined
76 Ge experiment exclusion limit. Orange band — light+sterile contribution for fixed

|p| = 160 MeV. Blue curve — v oscillation best fit. Green curve — ap = 7/2,
ag +dcp =7/2.



Non-SUSY SO(10) with extended inverse seesaw

Life-time vs lightest sterile mass

100000 : : . .
Std.(NH)
10000 }
Q)
o> 1000 f
5 Std.(IH)
\é 100
hy
10
1

Sterile contribution in normal and inverted hierarchy scenario. Virtual
momentum varies in [160 — 200] MeV range.



Non-SUSY SO(10) with extended inverse seesaw

Life-time vs lightest sterile mass (Scatter plot)

136)(e 76Ge
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@ 10} L
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e 1F

0.1
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12 14 16 18 20
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10 12 14 16 18 20
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Comparative study of 033 contribution due to sterile neutrino, in two popular
isotopes 76 Ge (left) and '3 Xe (right). Normal hierarchy and inverted hierarchy
solutions are assumed in going from top to bottom.



Non-SUSY SO(10) with extended inverse seesaw

Life-time vs lightest sterile mass (Scatter plot)

100
QD QD

10 3
Exp Bound Exp Bound

0.1
4 6 8 10 12 14 16
Ms, (GeV)

10 12 14 16 18 20
Mg, (GeV)

Same as previous figure but light neutrinos in quasi-degenerate (m,, = 0.23
eV) state.



Non-SUSY SO(10) with extended inverse seesaw

Life-time vs lightest sterile mass (Xe predictions in QD scenario)

1000
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m, =0.23 eV
1
100
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Left panel corresponds to best fit for light neutrino with zero Majorana phases.
Right panel due to allowing Majorana phase a», a3 € [0, 27].



Summary and Conclusion

1. We have investigated signature of BSM physics from non-SUSY SO(10).

2. Implementation of inverse seesaw in SO(10) gives
o 7p(etn0) accessible to SuperK.
e TeV scale Z’ accessible to LHC.
o LFV decay branching ratios 3 — 6 orders smaller than the current experimental
limits.
o RH N’s are Pseudo-Dirac.
3. Extended seesaw in SO(10)
o W2, Zg ~ (1.2 —3.5) TeV, accessible to LHC.
o LFV decays branching ratios 3 — 6 order smaller than experimental limit.
o New dominant contribution to Ov3/3 due to Sterile v-exchange in the W — W,

channel.



Summary and Conclusion

3. Extended seesaw in SO(10)

WZ,Zg ~ (1.2 — 3.5) TeV, accessible to LHC

LFV decays branching ratios 3 — 6 order smaller than experimental limit

New dominant contribution to 0v33 due to Sterile v-exchange in the W, — W,
channel

Bound Ms, > 14 &4 GeV

Observable n — i oscillation 7,_7 ~ 108 — 1010 secs

Current bound on rare Kaon decay branching ratio predicts PS breaking scale
at > 108 GeV.

Proton is stable and p — e #% not observable in possible future if

My, ~3—-5TeV

But if My, > 100 TeV, 7, ~ 5.5 x 10%5%0-32 yrg

(Within experimentally accessible range of SuperK and HyperK).

All other predictions are unchanged.
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