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Open questions in the Standard Model

Neutrino masses

(]
o Dark matter

@ Baryon asymmetry of the universe q
@ Higgs vacuum stability
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Open questions in the Standard Model

@ Neutrino masses

@ Dark matter

@ Baryon asymmetry of the universe q

o Higgs vacuum stability

@ Why three gauge groups? . .
@ Near unification of gauge couplings

°

°

Fermion charge assignment

Anomaly cancellation
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SO(10) Grand Unified Theory

@ Three gauge groups unified
@ Gauge coupling unification

@ Anomalies vanish identically

Fermionic representation

16 — (3,2)1/6 ©(3,1)139(3,1) 538 (1,2)_10® (1, 1)1 & (1,1)0
Q + up + df + b+ e + Ng

@ One fermionic representation

o Right-handed neutrinos

@ Relation between hypercharges

v
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Gauge Coupling Unification

How do we unify the coupling constants without SUSY...?
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Gauge Coupling Unification
Ferrari et al. 1811.07910
1985

... And without introducing multiple steps? “hane et 2l
Deshpande et al. 1993
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Gauge Coupling Unification in One Step

Split 210 S S1(8,1)1 & S(8,3)o
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My = 2.34 x 108 GeV
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Inverse couplings
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Similar constructions in:
Frigerio, Hambye 0912.1545
Parida et al. 1608.03956

Babu et al. hep-ph/0506312
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Proton Lifetime and LHC
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Proton Lifetime and LHC
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Proton Lifetime and LHC
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Proton Lifetime and LHC

2 x 10%°
LHC
1 X 1035 *] Ml > 3-1 TeV
CMS 1512.01224
34
5 109 HK 5yr ® 7p > 1.6 x 10> yr
= +70
= (p— etn”)
& SK 1610.03597
34
| @ 7, >55x10>yr
SK (p— etn)
HK 1805.04163
1x 103}

10° 10 10% 10®° 10* 10° 10° 107
]\/[1 [GGV]

M. Pernow (KTH) Minimal SO(10)-based GUT 20 May 2019 6 /13



Fermion Masses

e Higgs H, = (1,2);/5 and Hy = (1,2)_,, reside in 104 and 1264
@ SM Higgs doublet is a combination of these
o Yukawa Lagrangian 16£( Y1010y + Y1261264)16F
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Fermion Masses

e Higgs H, = (1,2);/5 and Hy = (1,2)_,, reside in 104 and 1264
@ SM Higgs doublet is a combination of these
o Yukawa Lagrangian 16£( Y1010y + Y1261264)16F

Neutrino Masses

@ Neutrino Dirac mass through 0 HyNg

e 0 =(1,1) C 1264 gives Majorana mass through o N5Ng
o Type-l seesaw

o (Type-ll seesaw also possible using A; = (1,3)_; C 1264)
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Accommodating the SM parameters

Bajc et al. hep-ph/0510139
Altarelli, Meloni 1305.1001
Babu, Khan 1507.06712

Babu et al. 1612.04329

@ 104 is a real representation — v{( = Vfo-
Not enough freedom to fit

@ Solution: Complexify it as 10y = 104 1 + 104
o But then have extra Yukawa couplings

Y1016£10416F + Y1016£107,167
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Accommodating the SM parameters

Bajc et al. hep-ph/0510139
Altarelli, Meloni 1305.1001
Babu, Khan 1507.06712

Babu et al. 1612.04329

104 is a real representation — v{y = vldo.
Not enough freedom to fit

Solution: Complexify it as 10y = 104 1 + 104

But then have extra Yukawa couplings

Y1016£10416F + Y1016£107,167

Introduce U(1)pq symmetry with charges

16 — €167, 10y — e 210y, 126 — e 2*1264

Axions: Strong CP problem and DM. f, = Mgyt = 4.51 x 10'% GeV
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Fittin e Standard Model

—>[ Sample the parametersj

vem Yy = V1uo Y10 + V1L126 Y12 , Mcut to Mys | RGEs
vem Yo = V1do Yio + V{126 Y126 , ‘ Integrate out N3 ‘
VSM Y, = Vluo YlO - 3V1UQ6 Y126 , Mpy3 to Mpz | RGEs
vsm Ye = VldO Yio — 3V1d26 Y126, ‘ Integrate out N ‘
MR e Vad Y126 . Mpp to Myy | RGEs
@ 19 free parameters and 19 data | Integrate out Ny |
@ Integrate out RH neutrinos: Mpi to Msy | RGEs
K — K+ MLM(Y;)T(Y;) at each RH neutrino ‘ Integrate out S, ‘
threshold Ms, to Ms1 | RGEs
e Find acceptable fit (x? ~ 21) ‘ Integrate out Sy ‘
@ Simple leptogenesis not successfully fit My to My | RGEs
Babu, Mohapatra hep-ph/9209215, Fukuyama, Okada hep-ph/0205066 ComppETe & ChiE ]

Bertolini et al. hep-ph/0605006, Joshipura, Patel 1102.5148

Dueck, Rodejohann 1306.4468. Antusch et al. hep-ph/0203233. ‘arXiv:h€p-ph /0501272
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Vacuum Stability

Higgs quartic coupling A

16m° g0 = - —3X (3¢5 + 3g7) + 3¢ + 5 (387 + g)’ +

4)\Tr [YJ Yy] — 8Tr |:Yl:r Yl, YJ Yl,:| + ... Machacek, Vaughn 1985
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Buttazzo et al. 1307.3536
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Towards More General Fits

Dueck, Rodejohann 1306.4468

Let us relax some model specifications:

@ Do not specify the extra scalars
@ Do not know exact Mgyt

@ Both Type-l and Type-Il seesaw
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Towards More General Fits

Dueck, Rodejohann 1306.4468

Let us relax some model specifications:

@ Do not specify the extra scalars
@ Do not know exact Mgyt

@ Both Type-l and Type-Il seesaw

Remove the colored octet scalars
Set Mgyt = 2 x 10'° GeV, but check sensitivity to Mgyt

o Introduce another scale: Mass of A; =(1,3)_;

Neglects some model details, but indicative
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Fit Results

o Acceptable fits to normal neutrino mass ordering (x2 ~ 14.7), but not
inverted

o Type-ll seesaw is sub-dominant: Ma ~ MguT, va ~ 107° GeV

o Largest contribution to x?2 is sin’ 953: fit favours value in first octant
(0.474), but actual value is in second octant (0.547)
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Conclusion

Minimal SO(10) model with U(1)pq symmetry
@ Neutrino masses v/
Dark matter v/
Baryon asymmetry of the universe (More detailed analysis needed)
Higgs vacuum stability v/
Fit the Yukawa sector to SM v/
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BACKUP SLIDES



M; <5.92 x 100 GeV,

GeV
My
GeV

Ml 0.330
My =~ ( > x 1.65 x 10" GeV,

—0.0447
Mgut = ( ) X 7.34 x 10%° GeV .

4 f2 1 1 M4
_ +.0 s GU
p— % ~ o PR

7p—7(P € m )_7T17pi242 Fqﬂ(MSUT)27

where f; ~ 139 MeV is the pion decay constant, m, ~ 938.3 MeV is the
proton mass, ay =~ 0.012 GeV3 is the hadronic matrix element, AR ~ 2.726
is a renormalisation factor, and Fy; ~ 7.6 is a quark-mixing factor.

4
MGUT

~ 322 X —2 |
P 8 a(Mgyt)?
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Observable Value Error

my (MeV) 1.36 0.15
me (MeV) 635 32
m¢ (GeV) 172 8.7
mg (MeV) 2.90 0.15
(MeV) 54.1 2.8
mp, (GeV) 2.87 0.15
me (MeV) 0.487 0.025
m,, (MeV) 103 5.2
mr (GeV) 1.75 0.088
Am3; (1075%eV?) 7.55 0.38
Am3; (1073eV?2) (NO)  2.50 0.13
Am3, (1073eV2) (10) —2.42 0.13
sin 07, 0.225 0.012
sin 07, 0.00372  0.00019
sin 63, 0.0418 0.0021
SCKM 1.14 0.058
sin? 67, 0.320 0.020
sin? 67 (NO) 0.0216 0.0011
sin? 64, (10) 0.0222  0.0012
sin? 6%, (NO) 0.547 0.030
sin 045 (10) 0.551 0.030

A 0.516 0.026




Parameter Value

my 3.70 x 103 eV
my 9.55 x 103 eV
ms 493 x 1072eV
M 1.87 x 10*° GeV
Mo 4.46 x 10" GeV
Ms 2.34 x 10" GeV
Mee 1.56 x 107 %eV

dcp 0.441




