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Standard Model of Elementary Particles(by MissMJ - Wikipedi
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\QEEEITSIEHEN  Unanswered Questions of Standard Model

Charge Equality : |1 + %| <1072

P
Strong CP Problem: Strong interaction sector admits a CP violating term,
leading to a physical observable 6. Neutron Electric Dipole Moment limits

0 < 10710,

Dark Matter: The total massenergy of the known universe contains 4.9%
ordinary matter, 26.8% dark matter (arXiv:1303.5062). Yet SM does not
have any candidate for Dark Matter.

Neutrino Oscillation: Neutrinos of different flavor (ve, v, v, ) can oscillate
into each other due to non-zero neutrino mass and mixing angles. Flavor
eigenstates of neutrinos are linear combination of field of three (or more)
neutrinos (v; ) with non-zero mass.

Stability of Higgs potential: In SM, the Higgs Quartic Coupling becomes
negative around 10! GeV. This instabity in the electro-weak vacuum
indicates that we might be living in a metable universe.
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Introduction S0(10) Grand Unification

50(10) is a group of rank 5 with the extra diagonal generator of SO(10) being
B — L as in the left-right symmetric groups. So, the gauge interactions of SO(10)
conserve parity thus making parity a part of a continuous symmetry.

16-dimensional spinor representation of SO(10) can accommodate ALL fermions of
one generation

wps A= =} | dor =ty | w8 {——F4F | @6 B —=1
dyg Y= =} | il et —t} | @5l f—t— A | i ot
gt {+d— =} | dei {#+— ==} | i {——=F +4} | 1 {——4 —-])
vi{———+-}| er {——— —+} | VO {+++++} | & {+++ -}

The first 3 indicates color spin and last two weak spin.
Y = ! C ! w
=1 XO-SXwm

Unification of three couplings (as, a1 and ay) into one coupling constant agur
even in Non-SUSY scenario with the help of an intermediate scale.

@ Existence of vg and thus neutrino mass via seesaw.

@ Baryon asymmetry.
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Looking for a Minimal Realistic Unified Model with the properties:

@ Unification of the coupling happens at large enough energy scale which is
compatible with the proton-lifetime

@ Some kind of particle spectrum which can modify the higgs quartic coupling
so that stability issue of the electroweak vacuum can be addressed

@ A realistic Yukawa sector which can generate realistic fermion masses and
Mixings including neutrino data

@ Can also generate the baryon asymmetry (most probably via leptogenesis)

@ An axion suitable to solve Strongs CP problem and account for the observed
Dark Matter.

G. Altarelli and D. Meloni, 2013
Malinsky et al, 2011, 2012, 2013
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Building the Model Higgs Sector

Let’s try:

@ 45 + 16 — wants to breaks via SU(5), which is ruled out by proton lifetime.
Also, disfavored by Neutrino oscillation data, as effective B — L scale is
suppressed and the light neutrino masses are overshoot.

@ 54 + 16 — 54 and 16 do not have any nontrivial cross couplings, so the
global symmetry is SO(10) x SO(10). When this symmetry breaks down,
there is a Goldstone, belonging to (3,2,1/6)+ h.c.

@ 45 4+ 126 — tends to go through SU(5) breaking channel. If it is forced to

go through L-R symmetric channel, one gets tachyonic masses.q) It has been
claimed that one can remove that issue by quantum corrections.(2)

(1) Yasue 1981, Anastaze, Buccella 1983, Babu,Ma 1985, (2) Bertolini,Luzio, Malinsky 2010

@ 54 + 126 — possible candidate!!!

Saki Khan (OSU) May 04, 2015



The Model

50(10)
Real 54

5U(4)C X SU(2)L X 5U(2)R x D
Complex 126

5U(3)C X 5U(2)L X U(l)y
Complex 10

SUB)c x U(1)g




Building the Model The Model

Extended Survival Hypothesis(ESH): At any scale, the only scalar multiplets

present are those that develop VEVs at smaller scales.
To get realistic prediction, one may need to extend ESH.

@ 54 = (17 37 3)P5 + (20,7 17 l)PS + (67 27 2)P5 + (17 17 l)PS
< 54 > breaks SO(10) = All the components of 54 @ M.

9 126 = (107 1, 3)P5 + (Ev 3, l)PS + (157 2, 2)P5 + (67 1, l)PS
<(10,1,3) > breaks PS x D = (10,1,3) @ M;.

D-parity = (10,3,1) @ M;.
Realistic fermion mass spectrum = (15,2,2) @ M;.
Detailed potential analysis = (6,1,1) @ M;.

9 10= (17 2, 2)P5+(67 1, l)PS = (17 2, +1/2)5M+(17 2, _1/2)5M+(37 1, _1/3)5M+(§7 1, +1/3)5M

< (1,2,-1/2) > breaks EW = (1,2,-12) @ My,
ESH = all other @ Higher Scale
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Building the Model The Model

SO(10) | SU(4)c X SU(2)L X SU(2)g | SUB)c X SU(2)L X U(1)y | Scale
Hy(6,1,1) LECIER —3) My

10 (3,1, +3) M,
(1,2, 2) Ri(1,2,+3) M;

Ra(1,2,—13) My

#1(1,3, +1) M,

¢1(1,3,3) #2(1,3,0) M,

¢3(1,3, —1) My

$4(3,2,+1) My

. 6,22 RS T
$6(3,2,+2) M,

$7(3,2, —1) My

¢8(6,1,+3) M,

¢3(20%,1,1) $9(6,1, —2) M,

¢10(8, 1, 0) My

Go(1,1,1) $0(1,1,0) My
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Building the Model The Model

S0(10) | SU(4)c X SU(2). X SU(2)R | SUB)c X SU(2)p X U(l)y | Scale
_I
(6. 1,1) i1, - ) Mo
T12(3, 1, +3 My
¥01(1,3, —1) M;
T
¥5(10,3,1) T20(3, 3, 71@) M;
¥23(6,3,+3) Mj
231(]A1.0) /\/I,
):32(1. ]A+1) /\/I,
Y331, 1, +2) M;
3 7
.10 z34(. 1 +3) M;
3(10, 1, 3) T35, 1, +1) M;
126 Y366, L —2) M
T37(6,1, — %) M;
T35(6,1, — 1) M;
¥39(6,1,+%) M;
241(1,2,+§1) M;
(1,2, —75) M;
T43(3,2, +£) M;
$4(15,2,2) $44(3,2, +¢) M;
5 1
245(}1 —§) M;
T46(3, 2, *15) M;
247(8,2.+§1) M;
T45(8,2, —3) M;
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Evolution of Gauge Couplings
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Threshold Corrections are Important!
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Proton Lifetime (Revisited)
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Detailed Analysis of Higgs Potential Scalar potential

The most general potential for the 54 and 126 representation can be written as

c
3

V2 * >\0 * *
—ﬁzi,j,k,l,mzi,j,k,l,m + Wzi,j,k,/,mzi,j,k,l,mzn,o,p,q,rzn,o,p,q,r
A2

* *
+ (4|)2 Zi,j,k,l,mzi,j,k,/,nzo-,P-,q-,f-,mzcr,p,q,r,n
)\4 * *
+ 2 2 Zi,j,k-,l,mzi-,j-,k,n-,oZp,q,r,/-,mzp-,q-,r-,n,o
3H7 (21
/

4 * *
+—(3|)2 Xk, m g kom0 2, G, 1,0 2, gm0

2
a b
V(ip, ) = —%cbi,jcbi,j + =P ;P Dy + Zd)i,jcbi,jd)k,ld)k,l + Ecbi,jd)j,kcbk,lcbl,i

a * B *
toen P ®iiEearntmEpqrtm + 3 PiiPuiTmn ik Emn,o.

2(5")
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Detailed Analysis of Higgs Potential Scalar potential

The interaction part of the potential with the 10 can be written as
V(O,5,¢) = —&oidl +&did] 6] + L0idid d; + &3P jid)
+%Zf,j,k,/,mzf,j,k,/,ncﬁm% + —|—%Z;J’k?,,mi,-*’j’k_’,mqansfn

770 * 771 * *
+E¢h]¢'i,j¢k¢k + WZi,j,k.,I,mzf.,j.,k,p,qz/,m,p,q,ncf?n

m * *
G @) L)k tmEikp,aXlmp.an®n
+m2®i i kdidr + %zi,j,k,l,mzi,j,k,l,n¢m¢n
3 * * ok
+%Zi,j,k,l,mzi,j,k,l,n¢m¢n

Let us introduce a PQ symmetry whose natural scale will be M;. Under this PQ

symmetry 10 — e~%210; 126 — e%*126; S — e %eg
Part of the potential with the Singlet S can be written as
V(S) = —M?SS* + X1 (55*)2 + XQZ;?j?k,/?szj’k_’/’mSS* + X3¢i,j¢'i,j55*

+%zi,j,k,l,mzi,j,k,l,nd)i,js + %Z;*,j,k,/,mzi*,j,k,/,nq’i,jS*
+x50i97 SS™ + x60i9iS™ + X607 ¢7 S
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Detailed Analysis of Higgs Potential Scalar Mass Spectra

From this we can find out the relevant scalar masses as,

Saki Khan (OSU)

M?[dy(1, 3, 0)]
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M[Z3(6, 1, —g)]

M[55(6,1, )]

gbwi + cws
gbwf — cws

4 (3% + 30 +4)) o
8 (A2 + s +42) o

8 (A2 + s +4X;) 0

4 (302 30 +4),) 0°

8 (X2 + M +4))) o”

4(3% 43\ +42) 0

@
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Detailed Analysis of Higgs Potential Scalar Mass Spectra

8 2, 152 ;
£ bws + cws + 580 —2ix40Vs
2 — 5 s s 2 .
M3 +1)] ( 2ix40vs 8(2x2 +3X +2))) 02 )
— 2 2 s — cw? + LBo2 2X40V;
2 < — 5 bws s > X40Vs .
MEL6, 1, +3)] ( 2X40Vs 8 (2X2 4 3M\4 +2)}) 02 ) '
MQ[(3 5 +Z)] _ ( 4 (3)\2 + 3M\4 + 4)4) o2 + Bw? —2v/2xaws Vs )
T 6 —2v/2x4wsvs 8 ()\2 4+ Mg + 2>\£) o+ pw? )’
M2[(8,2 +})] _ 4 (3X2 + 30 + 4N)) 02 + Buw? —2v/2xawsvs _
2T —2v/2xaws Vs 8 (A2 + A +2)) 02+ Bw? )’
1 8 (2>\2 + 3X\s + 2)\£) 02 4+ Bw?  2v2xawsvs  —2x40Vs
2 1
M2[(3,2, + = 2v/2x4ws Vs lﬁws T%ﬁaws
—2X40Vs ﬁﬁo—ws 5502

The Mass Matrix of M?[(
boson.

w

,2, +%)] has a zero eigenvalue which corresponds to the goldstone

©
)
@
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Detailed Analysis of Higgs Potential Scalar Mass Spectra

Al 4v/2x4wsvs 0 0 0
5 1 4/2x4ws Vs B1 16\/5)\20'2 0 417102
M=[(3,1, —3)] = 0 16v20,0% 8 (X2 + A4)o? 0 4iv2me? |
0 0 0 c1 V2x6Vs
0 402 —4iv/2m o> V2x6Vs C2
1 8 (/\2 + Xy — 2)(1) 02 + fw? 2/2x4wsvs 0 4+/3n102
2 4 _ 24/2x4wsVs 4 (32 4 3\ + 4X}) 02 + Bw? 0 0
M2+ = 0 0 2 VIyevs
4302 0 V2x6vs B2
%cws+ %awf«k %bwg 7@(&75)&15 7\/§X3w5v5
2
M7[(1,1,0)] = —/2(a = B)ows $o0? 1x20vs ;
7\/%)(3“4'5 Vs %XQUVS X1 V52
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where

Al =
Bl =

A2 =

B2 =

Cl =

c2 =
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Detailed Analysis of Higgs Potential Scalar Mass Spectra

4 (30 + 30 + 4N)) 02 + 4Buw?
8 (N2 + A +2)\)) 02 + 45w2

3 6 9 1
g&ws + gnowf + gﬁwg +710° + §X5V52 + m?
3 6 9 1
g&ws + gnowﬁ + gmw? +720° + §X5V52 + m?

2 6 2 4 2 2 1 2 2
5£3ws T 5ows + 5pTws + 0T+ SXxsve +m
2 6 4
—=&ws + =now? + o=

1
2 2, Lo 5 2
5 5 75 12Ws 7207 S XsVs A m
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Detailed Analysis of Higgs Potential Evolution of Gauge Couplings with Threshold Corrections

Parameter Value Parameter Value
b 1.27 a 0.31
Ao 0.71 o 0.45
s 0.87 a 0.23
Ny .98 X1 0.38
B 1.9x 103 X2 0.12
m 0.083 X3 —-0.71
Mo —0.83 c 5.57 x 10'® GeV
Xa 0.89 & 1.83 x 1015 GeV
X5 0.91 X6 —3.41 x 10" GeV
o —0.70 Vs 5.25 x 101! GeV
Y2 —0.65 o 7.1 x 1013 GeV
70 0.25 Ws 1.1 x 10% GeV
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Detailed Analysis of Higgs Potential Evolution of Gauge Couplings with Threshold Corrections

Multiplet | Mass [GeV] || Multiplet | Mass [GeV]
(1,3,0) | 1.75x 10" || (8,1,0) | 1.82 x 10"
(3,3,-1) | 418 x 10" || (6,3,+1) | 472 x 10"
(1,1,+2) | 472 x 10" || (3,1,+%) | 4.18 x 10*
(6,1,—-%) | 472x 10" || (6,1,—-1) | 418 x 10"
1.75 x 10'° _ 2.84 x 10
(1,3,+1) a1 6:1,43) —————
4.92 x 10 4.92 x 10
4.79 x 10 6.32 x 1012
3,247 8,2+1) | 22~~~
(3,2:+5) 6.89 x 10* (8,2:+3) 6.78 x 101
14 14
(3.241) 6.78 X 1014 M
6.32 x 10 (1,2,41) | 4.66 10
1.04 x 10%° 27 1 410 x 10%2
1.08 x 10%° 6.78 x 10™
(3,1,-3) | 1.14 x 10 1.35 x 10™
6.19 x 10" (1,1,0) | 2.15 x 108
2.55 x 10 6.15 x 10%°
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Evolution of Gauge Couplings with Threshold Corrections

Implementing the Mass relations
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Detailed Analysis of Higgs Potential Evolution of Gauge Couplings with Threshold Corrections

50 i
a7t — L .
:>< o
-1 . -1
.‘ﬁ 20 @z - e
.
e i
1
30 | |
12 14 16 18
Login(u/GeV)

@ Proton Life-time, 7 = 3.4 x 103* yrs, beyond the current upper-limit
(1.29 x 1034 yrs )
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The Yukawa sector of the Model looks like

Ly = 16[:(/7,’71‘10[-{ + f}7j126H)16F (1)
Fermion masses and mixings comes from the relations like:
My = hvy + fky; Mg = hvg + fkg; MP = hv, — 3fky; M; = hvg —3fky; MY = fo

obs fit pull || obs fit pull
0.19 003 || [Val | 0225 | 0033 A Best fit parameter values
.78 0.75 ¢ ).042 —0.2(
0.1 ]1 % :"’ ‘; mf\‘ (: Lf: Here we list the best fit values of the 15 parameters used in our fit procedure. The 12
Pl Lab | IVl ] Do0ss |- o000 elements in M, are as follows:
287 — .1 % v il
111 7 || sin20l, | 0318 | 0611 (—.0034,.0004)  (=7.7x 1075, —.0098) (—.0112,~.0712)
my(GeV) 714 0.70 || sin®6i, 0.353 1.548 M, (GeV) = [ (=7.7 x 1075, —.0098) (.0108,.0010) (.2162,.0060)
v 0.031 010 | sin26ly | 0.0222 | —0.758 (—.0112,-.0712) (2162, .0060) (1.062, —.0584)
nn 5.699 x 10" [ —0.001
The complex parameter s and the real parameter r, are:
Table 5: Best fit solutions for the fermion observables at the scale Meyr =210 Ge s=(37,—.079)  r,=6003 (30)

@ The model is completely consistent with the Fermion mass fitting generated for
Non-SUSY SO(10) models. For example the sample point has r, = 60.9 and
s =(0.36,0)

Babu, Mohapatra (1993) , Bertolini, Frigerio, Malinsky (2004), Fukuyama, Okada (2002)

Babu, Macesanu (2005), Bajc, Melfo, Senjanovic, Vissani (2004), Bertolini, Malinsky, Schwetz (2006)
Fukuyama, llakovac, Kikuchi, Meljanac, Okada (2004), Dutta, Mimura, Mohapatra (2007), Aulakh et al (2004)
Bajc, Dorsner, Nemevsek (2009), A. S. Joshipura et al (2011), Dueck, Rodejohann (2013)

Altarelli and Meloni., arXiv:1305.1001v2 [hep-ph] Joshipura and Patel., arXiv:1102.5148 [hep-ph]
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One complex scalar with vev v

One uptype Higgs doublet ¢j from 104 with vev v,

One downtype Higgs doublet ¢¢ from 104 with vev vy

One uptype Higgs doublet ¢35 from 1264 with induced vev k,

¢ & ¢ ¢ ¢

One downtype Higgs doublet ¢§ from 126, with induced vev kg

The axion is primarily the Imaginary part of the complex scalar and the Axion
decay constant is naturally around the Intermediate Scale

22 fm. _ 0.60meV

ma

T 14z fa £2/100GeV
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Here, we have constructed a Minimal Non-SUSY SO(10) GUT model which
is capable of explaining all the unanswered questions of standard model yet
non of the experimental data can exclude the model.

Besides the fact that the model has to rely on Fine-tuning for problems like
hierarchy, the model is quite a natural one. We did not have to abandon ESH
(Extended Survival Hypothesis) and no new fermions were needed.

The Higgs sector was bare minimum to generate realistic fermion masses and
that was good enough for solve other issues.

The axion found in the model can explain Dark Matter.
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Thank You

Saki Khan (OSU) May 04, 2015



	Introduction
	Motivation
	Building the Model
	Unification of Gauge Couplings and Proton Lifetime
	Revisit the Model
	Detailed Analysis of Higgs Potential
	Fermion Masses, Mixings and Leptogenesis
	Axion
	Summary

