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Stability of Higgs potential

Higgs quartic coupling A

Figure :
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RG evolution of A varying M;, az(Mz) and My, by +30

A = 0(10™ — 10" GeV)
J. Elias-Miro et al., Phys. Lett. B709, 222 (2012)

G. Degrassi et al., JHEP 1208, 098 (2012);
D. Buttazzo et al., arXiv:1307.3536 [hep-ph]
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New Physics?!?
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Figure 1: Evolution of the coupling constants from My to Mayr.

G. Altarelli and D. Meloni, arXiv:1305.1001 [hep-ph]; J. Elias-Miro et al. [arXiv:1203.0237 [hep-ph]].;

9 A good number of GUT Models (like SO(10) tend to have an intermediate scale around
O(10' — 1012 GeV).

9 Even a single scalar with appropriate mass (ie. Ms 108 GeV) and properties can change the RG run
of the Higgs quartic coupling making the potential stable.




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

a Some kind of particle spectrum which can modify the higgs quartic coupling
so that stability issue of the electro weak vacuum can be addressed

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

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

s An axion suitable to so 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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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
= 2@ - ;3w

The gauge interactions of SO(10) conserve parity thus making parity a part of a
continuous symmetry.

Unification of three couplings (as, azr and ay) into one coupling constant agur.
Existence of vg and thus neutrino mass via seesaw.

Baryon asymmetry.

Saki Khan (OSU) June 30, 2014 7/37



Mgo
Sau3 £ Sa13
{126} (1,310 )

S0 (10)

My G G
{54} (LLe 229 {as} (1,1,15)_ 2213 o

Chang, Mohapatra, Gipson,Marshak,Parida 1985.
Pal, Keith Deshpande 1993.
Bertolini, Luzio, Malinsky 2009



S0(10) Breaking

Mgo
G2u3 9 G213
{126} 01,3,10 )
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S0 (10)

M
{54} (1.0

B o Minimality
o Predictivity

o Phenomenological issues

Chang, Mohapatra, Gipson,Marshak,Parida 1985.
Pal, Keith Deshpande 1993.
Bertolini, Luzio, Malinsky 2009

June




Five possible energy scales in the left-right decomposition of SO(10)
s My for SO(10) = SU(4) x SU(2). x SU(2)r
s Mc for 5U(4) = 5U(3)C X U(l)B,L
s Mg for SU(2)r = U(1)r
s Mg for U(1)r x U(1)g—r = U(1)y
o My for SU(2). x U(1)y = U(1)q

Condition:
My > Mc > Mg > Mg > My,
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Five possible energy scales in the left-right decomposition of SO(10)
s My for SO(10) = SU(4) x SU(2); x SU(2)r
s Mc for 5U(4) = 5U(3)C X U(l)B,L
s Mg for SU(2)r = U(1)r
s Mg for U(1)r x U(1)g—r = U(1)y
o My for SU(2). x U(1)y = U(1)q
Condition:
My > Mc > Mg > Mg > My,
Minimal Case: One intermediate Scale
s Constrained
o Predictive
Possible cases:
s My = Mc > Mg =My > My
o My > Mc = Mg = Mg > My
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Let’s try:

s 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.
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Let’s try:

s 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.

s 54 4+ 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.
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Let’s try:

s 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.

s 54 4+ 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.

s 45 + 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
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Let’s try:

s 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.

s 54 4+ 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.

s 45 + 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

s 54 4+ 126 — possible candidate!!!
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D
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




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.
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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.

s 54 =(1,3,3) 4+ (20/,1,1) + (6,2,2) + (1,1,1)
< 54 > breaks SO(10) = All the components of 54 @ M.
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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.

s 54 =(1,3,3) 4+ (20/,1,1) + (6,2,2) + (1,1,1)
< 54 > breaks SO(10) = All the components of 54 @ M.

s 126 = (10,1,3) + (10,3,1) + (15,2,2) + (6,1,1)
< (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;.
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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.

s 54 =(1,3,3) 4+ (20/,1,1) + (6,2,2) + (1,1,1)
< 54 > breaks SO(10) = All the components of 54 @ M.

s 126 = (10,1,3) + (10,3, 1) + (15,2,2) + (6,1,1)
< (10,1,3) > breaks PSx 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;.

s 10 =(1,2,2) +(6,1,1) = (1,2, +1/2) + (1,2, =1/2) + (3,1, —-1/3) + (3,1, +1/3)

< (1,2,—1/2) > breaks EW = (1,2,-12) @ M,
ESH = all other @ Higher Scale
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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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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
Z3l(]A1,O) /\/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 T36(3.1, —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 the Gauge Couplings

dg g (1 4 1
= e {5 @0 - srxsh) = “ns:()} o)
5
P ) 20 1
i 15 e —n[iain) + Ta©)] 5 - [pao + @] i}
Two- Loop RG Equation:
da~1(p) g bjj
dinp  2m 5 87r2aj_1
where,
1 4 1
a = *?Cz(Gi) + ;NSZ(F,') + gﬂsz(si)
34 20
b= == (GG + x40 + = 6(6)] S2(F)
3 3
1
- [2casi+ - catep] nsacs
by = 4nCQ(F)Sa(F;) +2nCa(S))S2(S;)

Here i # j.




B coefficients of the theory:

199 27 44

50 10
-
awz<ﬂ 1 _7); bu=| B,
10 6 10 6
11 9
— = —26
10 2
779 1245
g 48 =
3 2
-
aps = ( 26 26 1 ): bps = 48 e 1245,
3 3 3 2
249 249 1209
2 2 2
While the matching conditions are:
1 1
Ai(k) (2

ai(n)  aclp)
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Evolution of Gauge Couplings
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Evolution of Gauge Couplings Proton Life Time

4
My
TP =~
gimp
Here,
47
2 ~ [
£ 7 35
mx ~ 1.20 x 10°GeV
So,

TP~ 5 x 10%¥yrs

Current Limit on proton life time:

7P > 1.29 x 10**yrs
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PROCEED
CAUTION

= Let's be a little bit more careful!

= There are lots of scalar particles.

= All of them cannot be degenerate!

= Proton Decay equation is too crude!
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Threshold Corrections are Important!
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Proton Lifetime (Revisited)

2 2 2 |
@ 1 1 4A
rpz%R§(1+F+ D)l—mpa%— [AéR ( + > + ot }
)

fz Moy Mixvn)  Mix)
Here,
n MrSme<Mo o ) _ Rise)
_ - Qi Msc41 b(m —m )
ASL(R) _H H I:i:| i sc+1 sc
i=1 sc Oéi(msc)
where,

23 9 11 9
Vi(sm) = %7272 i YR(sm) = %7272 i YL/R(ps) =

Proton Life Time

I ip—oeta®) =~ (8.2x10%*yr) (3)

(oommes) (ce) (335) (soear)
0.0122GeV? 1/34.7 3.35 1016 GeVv
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Scattered plot in the parameter space

Scattered plot in the parameter space
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We cannot predict scalar masses!

Too many parameters!

But S0(10) Lagrangian has limited number of terms.

It is possible to find mass relations between the scalar masses.

It will reduce the freedom on the parameter space!
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The possible invariants are:
Q 5454126126 (x2)
Q 5454 _ _
Q 126-126-10-10 (x2)
Q 5454 .54 _
Q 126-126-126-10
O 54-54.54.54 (x2) .
- Q 54-54-10-10 (x2)
9 126-126
. Q 126-126-10-10
9 126-126-126-126 (x4) __
_ 9 126-126-S-S*
9 10-10 _
o Q9 10-10-S5-5*
@ 10-10-10-10 x (x2)
Q 54-54.S5.5*
9 S5-5F
Q9 126-126-54-S
9 S5-5-5%.5%
@ 10-10-S

Here we have assumed a PQ symmetry whose natural scale will be M;. Under this PQ
symmetry ) . .
10 — e **10; 126 — e”“126; S—e¥s
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The most general potential for the 54 and 126 representation can be written as

2
c a b
V(ip, ) = —%d)i,jcbi,j + §¢'i,j¢j,k¢'k,i + Zd)i,jcbi,jd)k,lcbk,l + Ecbi,jd)j,kcbk,lcbl,i
2
v * >\0 * *
—azi,j,k,l,mzi,j,k,l,m + WZi,j,k,I,mzi,j,k,/,mzn,o,p,q,rZn,o,p,q,r
A2 * *
+WZi,j,k,I,mzi,j,k,/,nzo,p,q,r,mZo,p,q,r,n
)\4 * *
"FWzi,j,k,l,mzi,j,k,n,ozp,q,r,l,mzp,q,r,n,o
A

* *
T ik, m 2 k0 2-p,G, 0 2, q,r,m,0

(31

(67 * *
+mCb,-,jd>,-,ij,q,r,/,mZp,q,,,/,m + gd>,-,j¢k,/2m,n,o,,-,kZ,,,,n,o,j,,
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The interaction part of the potential with the 10 can be written as
V(O,5,9) = —E&¢id + E16id] 6jd) + Eadidic) 6] + EaPijhid]
+%Zi,j,k,/,mzf,j,k,/,nQSme: + +%nyjyk,/,mz?:j,k,l,nqbnqb;

o * m * *
+5 Pi®i o + WZ,-,j,k,/,mZ,-,,-,k,p,qZ/,m,p,q,nczﬁn
n .

+W Tvkol m2ij,k,p,q =1,m,p,q,n P
+1m2®; ;jPi kpidr + %Zi,j,k,l,mzi,j,k,l,n¢m¢n

+%Zﬁj,k,/,mzﬁj,k,/,n¢;¢:
Part of the potential with the Singlet S can be written as
V(S) = —p2SS" 4+ x1(S57) + xeZijk,mEr)jks.mSS™ + X3P, ;55"
+%Zi,j,k,l,mzi,j,k,l,nq)i,js + i—i{Z?,j,k,/,mzﬁj,k,/,,,q)f,jS*
+x5019i SST 4 X60i9iS™ + X6 Pi i S
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From this we can find out the relevant scalar masses as,

8
M*[92(1,3,0)] = bws + cws
2
M?[®10(8,1,0)] = 5 bws — cws
1
M?[£2(3, 3, 75)] = 43X +3N+4\) o)
1
M2[223(6,3,+§)] = 88X+ +4N) o)
M’[£35(1,1,42)] = 8 (A2 + A +2N,) |of
_ 4
M2[234(3,1,+§)] = 43X +3X+4N\) o)
_ 4
M2[237(6,1,7§)] = 8N+ +4N) o
_ 1
M2[238(6,1,7§)] = 4(32+3N +4N\) |of

4
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I e (R P A NS LA |
WG4 = (s TR N e )
MZ[(3,2’+2)] = ( 4(3A2+3A—44;;2535‘0‘2+6w3 8(A2+A47j§3?)v\50\2+5w? >;
Mz[(8,2,+%)] = (4(3A2+3/\f4;f2535‘0‘2+6w3 8(>\2+>\:1X2§Z§‘/\50\2+,3w5 );

8 (22 43X + 20}) |of* + Bwl  dxawsvs  2v2xa0vs

1 “
M?[(3, 2, +6)] - Ay wsvs Buw? 7&5302% ;
2\/§XIU*V5 7\}565“’5 %BIUI

The Mass Matrix of M?[(3, 2, +%)] has a zero eigenvalue which corresponds to the goldstone boson.

N
@
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Al 8xs wsVs 0 0 0
) 1 8xawsVs B1 16iv2)\,|o|? 4 |o|? 0
MG, 1L -2)] = 0 —16ivV2X[ol*  8(X2 + Ae) [of 4iv2m|of? 0 ;
3 0 47]1"|<7|2 4iv/2m|o|? 7%7720.;3 — &ws + 2| %ﬁ\vf 2x4 vs2
0 0 0 2xav2 C1
1 8 ()\2 + Xg — 2)\2) |0‘|2 + Bw? —4xawsVs 4i\/§m\(r\2 0
M[(1,2,42)] = —dxgwsvs 4(3% + 3N + 40]) |0 + fu? o 0
) - —4iV3n; o A2 2x¢
01 |o| 0 X6 Vs
0 0 2X6Vs B2
Bews + Zawl + Bb? i\[S(a— plows  \[Txswsws
2 . * x . .
M7[(1,1,0)] = —l\/g((! — B)o*ws oo —ix20Vs ;
\/gstvs —ix20vs 2x1v2
where
AL = 4 (3xg 3 4N o + 48wl
Bl = 8(dg+Ag+20p) |0 + 4wl
1 X4V,
= —loln =) - ome - ggws 2 =1
Vu

In the singlet mass matrix the /m[S] is not included as it comes out to be zero.
Saki Khan (OSU) June 30
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The Yukawa sector of the Model looks like
,Cy = 16;:(h,"j10H + f,',jm/-/)lﬁ/: (5)

The mixture of the doublet coming from (15,2,2) of 1264 and (1,2,2) of 104 due
to the n; term (126412641264104) is very important.
Relevent vev's for fermion masses are:

+ 0 =((10,1,3)) O(10"GeV)
o kug=((15,2,2)uq4) S O(10°GeV)
s Viud = ((1,2,2)u,4) O(10°GeV)

Fermion masses and mixings comes from the relations like:

M, = hv,+fk, Mg = hvg+ fky
MP = hv, —3fk, M= hvy — 3fkg
M)" = flo|
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)
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~ Fermion Masses Mixings and Leptogenesis |
Fitting the experimental data

The input at GUT Scale:

m, = 0.0006745 m, = 0.3308 m; = 97.335

mg = 0.0009726 mg = 0.02167 my = 1.1475

m,. = 0.000344 my, = 0.0726  m, = 1.350

s12 = 0.2248 s93 = 0.03278 s13 = 0.00216
derm = 1.193 .

The output for Neutrino:

sin? 015 ~ 0.27 , sin® 2053 ~ 0.90 , sin> 2013 ~ 0.08 .

K. S. Babu and C. Macesanu, [hep-ph/0505200].
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~ o Formion Mass, Miings and Leptogenesis ||
Fitting the experimental data(Contd.)

Ty (MeV) [ 0.495 + 0.185 0.2254 =+ 0.0006
ma (MeV) | 1.155 4 0.495 0.04194 % 0.0006 . ) .y
me (MeV) | 220+£7.0 [V | 0.00369 % 0.00013 ”\’I - Offg 6"(’]3
me (GeV) [0.23540035|  J | (3.16+0.1) x 107° ’:I E\l:\ ; oS 07
my (GeV) | 1.00£0.04 | sin®6l, | 0308 +0.017 md(\[e\ ) 325 15
me (GeV) | 74.15+£3.85 | sin6h, | 0.3875£0.0225 77;((,9\) 0987 140 7 s -5
r 0.031+0.001 || sin?6l, | 0.0241 +0.0025 ma(GeV) 111 iy
my(GeV) 714 0.70
X 0.031 0.10
Table 4: Input values at the scale Mgyp = 2 x 1016 GeV. ,;“ 5.609 x 10-1° | —0.001

Table 5: Best fit solutions for the fermion observables at the scale Myr = 2 - 1016

light v masses (eV) | heavy v masses (101 GeV)| phases (°) | mee (eV)
.0046 1.00 5=836 [5x107"
.0098 1.09 ¢ =-332
.0504 214 09 =157

Table 6: Predicted values of the light neutrino masses, of the heavy right-handed masses, of
the leptonic CP-violating phases and of mee.

ne=5x10""

Altarelli and Meloni., arXiv:1305.1001v2 [hep-ph]




Strong interaction sector admits a term that violates both CP and P:

0 -
_ a ;apv
Laco 322 G G

This leads to a physical observable
0 = 0 + Arg[detM,]

Neutron Electric Dipole Moment limits § < 1010
Most popular solution to the problem is suggested by Peccei and Quinn which
provides a dynamic solution.
DFSZ Axion:

s One complex scalar ¢

s One uptype Higgs doublet ¢,

s One downtype Higgs doublet ¢4
Axion field is given by

Ar —Im[¢] + QVZLVV"(VU/m[@ + valm{eu])

w's

Peccei, Quinn Phys Rev. Lett 38 (1977);
Dine;“Fischler, Srednicki 1981, Zhitnitskii-1980
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s One complex scalar with vev vg

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

» One downtype Higgs doublet ¢¢ from 104 with vev v,

s One uptype Higgs doublet ¢4 from 1264 with induced vev k,

» One downtype Higgs doublet ¢¢ from 1264 with induced vev ky
Phenomenology constraines the detemimant of the mass matrix containing Real
part of the neutral component of the doublet and the complex singlet to be
approximately zero ie at weak scale.

We also realize that there is enough freedom in the parameter space to have a
Singlet mass to be < 101°GeV

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

22 fome  0.60meV
T 14z fa | fa/1010GeV

ma
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s Numerical Analysis of the Fermion masses and mixing needs to be checked
for the constrained parameter space

o Two field inflation has a natural place here

STt e (L)



Thank You

Saki Khan (OSU)
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