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Outline

GUTs are spontaneously broken BSM gauge theories
based on simple compact gauge groups

SU(5), SO(10), E ...
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Outline

® SU(5) as a prototype GUT

® What kind of physics are GUTs about!?
® How were/are GUTs tested?

® Status of the minimal SO(10) models

® Recent developments
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The Georgi-Glashow SU(5)



The Georgi-Glashow SU(5) as a prototype GUT

H. Georgi, S. Glashow, PRL 32, 1974
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The Georgi-Glashow SU(5) as a prototype GUT

H. Georgi, S. Glashow, PRL 32, 1974
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The Georgi-Glashow SU(5) as a prototype GUT

H. Georgi, S. Glashow, PRL 32, 1974

SU3). @ SU(2), @ U(1)y >  SU(H)
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The Georgi-Glashow SU(5) as a prototype GUT

H. Georgi, S. Glashow, PRL 32, 1974
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The Georgi-Glashow SU(5) as a prototype GUT

H. Georgi, S. Glashow, PRL 32, 1974

SUB3).@SU(2)L @U(1)y »  SU(H)

Gauge sector:

(8,1,0) GH 24 = (8,1,0)® (1,3,0) ® (1,1,0)d(3,2,—-2) ® (3,2, +2)
XM

(1,3,0) AH Wt 7 y GH AH B (Y“)

(1,1,0) B~ o

new gauge bosons
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The Georgi-Glashow SU(5) as a prototype GUT

H. Georgi, S. Glashow, PRL 32, 1974

SUB3).@SU(2)L @U(1)y »  SU(H)

Gauge sector:

(8,1,0) GH 24 = (8,1,0)® (1,3,0) ® (1,1,0)d(3,2,—-2) ® (3,2, +2)
XM

(1,3,0) AH Wt 7 y GH AH B (Y“)

(1,1,0) B~ o

new gauge bosons

HIggS sector: SU(S)C &) SU(Q)L 0 U(l)y — SU(S)C X U(l)@

(1,2, —%) H 5=(1,2, +%) P (3,1, —%) new coloured scalars
1o H™ A

C
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The Georgi-Glashow SU(5) as a prototype GUT

H. Georgi, S. Glashow, PRL 32, 1974

SUB3).@SU(2)L @U(1)y »  SU(H)

Gauge sector:

(8,1,0) GH 24 = (8,1,0)® (1,3,0) ® (1,1,0)d(3,2,—-2) ® (3,2, +2)
XM

(1,3,0) AH Wt 7 y GH AH B (Y“)

(1,1,0) B~ o

new gauge bosons

HIggS sector: SU(S)C &) SU(Q)L 0 U(l)y — SU(S)C X U(l)@

(1727—%) H 5= (1757"‘%)@(31,—%) new coloured scalars
1o H ™ A,
GUT-breaking Higgs: SU(5) — SU(3). @ SU(2), @ U(1)y yet some extra scalars

24 = (8,1,0) & (1,3,0) & (1,1,0)8(3,2, - 2) & (3,2, +2)

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 / /many



The Georgi-Glashow SU(5) as a prototype GUT

VOoLUME 32, NUMBER 8 PHYSICAL REVIEW LETTERS 25 FEBRUARY 1974

Unity of All Elementary-Particle Forces

Howard Georgi* and S. L. Glashow
Lyman Labovatory of Physics, Harvard University, Cambridge, Massachusetls 02138
(Received 10 January 1974)

Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).

We present a series of hypotheses and spec- of the GIM mechanism with the notion of colored
ulations leading inescapably to the conclusion quarks® keeps the successes of the quark model
that SU(5) is the gauge group of the world—that and gives an important borius: Lepton and hadron
all elementary particle forces (strong, weak, anomalies cancel so that the theory of weak and
and electromagnetic) are different manifestations electromagnetic interactions is renormalizable.’
of the same fundamental interaction involving a The next step is to include strong interactions.
single coupling strength, the fine-structure con- We assume that strong interactions arve mediated
stant. Our hypotheses may be wrong and our by an octet of neutval vector gauge gluons as-
speculations idle, but the uniqueness and sim- sociated with local color SU(3) symmetry, and
plicity of our scheme are reasons enough that it that there are no fundamental strongly interact-
be taken seriously. ing scalar-meson fields.” This insures that

® Georgi and Glashow have shown the uniqueness of SU(5) as a rank=4 GUT
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VVhat kind of physics are GUTs about!?



Charge quantization

Generators of simple non-Abelian Lie groups are discrete & traceless

v

charges obey non-trivial algebraic relations
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Charge quantization

Generators of simple non-Abelian Lie groups are discrete & traceless

v

charges obey non-trivial algebraic relations

Wait; anomalies quantize (hyper)charge in the SM too!?
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Charge quantization

Generators of simple non-Abelian Lie groups are discrete & traceless

v

charges obey non-trivial algebraic relations

Wait; anomalies quantize (hyper)charge in the SM too!?

Not if you do believe in RH neutrinos...

Foot, Lew, Volkas,
Y =Ysy +e(B—L)  ModPhys.Lett A5 (1990) 2721
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Charge quantization

Generators of simple non-Abelian Lie groups are discrete & traceless

v

charges obey non-trivial algebraic relations

Wait; anomalies quantize (hyper)charge in the SM too!?

Foot, Lew, Volkas,
Y =Ysy +e(B—L)  ModPhys.Lett A5 (1990) 2721

Majorana OK... Babu, Mohapatra, PRL 63 (1989) 938
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Monopoles

Non-trivial vacuum manifold homotopy

v

heavy topologically stable finite-energy extended Higgs/gauge configurations

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 | | /many



Monopoles

Non-trivial vacuum manifold homotopy

v

heavy topologically stable finite-energy extended Higgs/gauge configurations
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Monopoles

Non-trivial vacuum manifold homotopy

v

heavy topologically stable finite-energy extended Higgs/gauge configurations
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P. A. M. Dirac, Proc. Roy. Soc. A 33, 6, (1931)
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Monopoles

Non-trivial vacuum manifold homotopy

v

heavy topologically stable finite-energy extended Higgs/gauge configurations
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P. A. M. Dirac, Proc. Roy. Soc. A 33, 6, (1931)
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Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets
- gauge bosons coupled to a universal charge

- Yukawas do not care about who is who either
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ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
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Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets quark to lepton transitions

ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
- Yukawas do not care about who is who either %

_ _ _+t flavour structure constraints
SU(5) example:  Y5bp10p5y 4+ Yigl0p10p * 55

My = M;}" M, =M}
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Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets quark to lepton transitions

ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
- Yukawas do not care about who is who either %

flavour structure constraints

SU(5) example:  Ys5r1055 + Yiol0p10p %5 b-tau unification ()
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Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 |2 /many



Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets quark to lepton transitions

ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
- Yukawas do not care about who is who either %

flavour structure constraints

SU(5) example:  Ys5rp10p57 + Yi9l0p10F * 5;1 b-tau unification (?)

Mg=M"'  M,=M}

® d=6 proton decay:

gauge-induced O Higgs-induced >- === -<

f_C f uC C ¢ J¢eC
1Qu Qc’, MZG Qd°L MQQQQL M—‘;uud
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Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets quark to lepton transitions

ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
- Yukawas do not care about who is who either %

flavour structure constraints

SU(5) example:  Ys5rp10p57 + Yi9l0p10F * 5;1 b-tau unification (?)

Mg=M"'  M,=M}

® d=6 proton decay: “Canonical” decay mode: p™ — 7TO€+
gauge-induced O Higgs-induced >- === -<
fl A..C) f2 uCOd¢L 4 € eC
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Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets quark to lepton transitions

ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
- Yukawas do not care about who is who either %

flavour structure constraints

SU(5) example:  Ys5rp10p57 + Yi9l0p10F * SL b-tau unification (?)

My = M;}" M, =M}

® d=5 proton decay in SUSY:

," ’,o/
:/ w* e P+
~ \\
CI, A A A2 & e AC AC A
Wo ~ 5 —C@RRL Wg ~ ——aacd°e
A, A
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Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets quark to lepton transitions

ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
- Yukawas do not care about who is who either %

flavour structure constraints

SU(5) example:  Ys5rp10p57 + Yi9l0p10F * 5;1 b-tau unification (?)

My = M;}" M, =M}

® d=5 proton decay in SUSY:
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Baryon/lepton number violation & flavour

® Quarks and leptons share GUT multiplets quark to lepton transitions

ﬂ proton decay
- gauge bosons coupled to a universal charge di-nucleon decay

n-nbar oscillations
- Yukawas do not care about who is who either %

flavour structure constraints

SU(5) example:  Ys5rp10p57 + Yi9l0p10F * 5;1 b-tau unification (?)

Mg=M"'  M,=M}

® d=5 proton decay in SUSY: Kaons favoured: p* — KTy, ... !
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Baryon/lepton number violation & flavour

Wait; baryon/lepton numbers (B+L) are broken in the SM too !?
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Baryon/lepton number violation & flavour

Wait; baryon/lepton numbers (B+L) are broken in the SM too !?

Yes, but only by anomalies (at renormalizable level)
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Baryon/lepton number violation & flavour

Wait; baryon/lepton numbers (B+L) are broken in the SM too !?

Yes, but only by anomalies (at renormalizable level)

® |Instantons (at zero T) cause 9¢q + 3l < () with immesurably small rates

"He — et o,

A -~ 6—271'/04w -~ 10—80
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Baryon/lepton number violation & flavour

Wait; baryon/lepton numbers (B+L) are broken in the SM too !?

Yes, but only by anomalies (at renormalizable level)

® |Instantons (at zero T) cause 9¢q + 3l < () with immesurably small rates

"He — et o,

A -~ 6—27T/Ozw -~ 10—80

® Sphalerons (at high T) make the tunneling more efficient = > leptogenesis

Kuzmin, V. Rubakov, M. Shaposhnikov, PLB155, 1985 Fukugita, Yanagida, PLB174, 1986
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All these are tightly connected...

GUT: Charge

quantization

v
o ([
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All these are tightly connected...

GUT: Charge

quantization

Dirac

Kibble

\ 4
Callan & Rubakov
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All these are tightly connected...

GUT: Charge

quantization

Cartan (?)
Dirac
Yang-Mills (?)
Kibble Georgi (?)

\ 4
Callan & Rubakov
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All these are tightly connected...

O.K.

Charge
quantization
Cartan (?)
Dirac
Yang-Mills (?)
Kibble Georgi (?)
v
Callan & Rubakov
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All these are tightly connected...

O.K.

Charge
quantization
Cartan (?)
Dirac
Yang-Mills (?)
Kibble Georgi (?)
ot
CaIIan & Rubakov

AcceSS|bIe7 7

Prerequisites: GUT scale, symmetry breaking, flavour structure
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VWWhere do the GUTs live!?

Simple gauge group broken down to 321 of the SM

v

the SM gauge couplings should converge at high energies
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Simple gauge group broken down to 321 of the SM

v

the SM gauge couplings should converge at high energies
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VWWhere do the GUTs live!?

Simple gauge group broken down to 321 of the SM

v

the SM gauge couplings should converge at high energies

60

~
Q

Ms ~ 101°GeV
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the SM gauge couplings should converge at high energies
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VWWhere do the GUTs live!?

® Neutrino masses in the SM: L = (gf)
- Weinberg’s d=5 operator:

C
S. Weinberg, PRL 43, 1566 (1979)  Leff KLH LH
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VWWhere do the GUTs live!?

. . 1%
® Neutrino masses in the SM: L = (%) i IH
. : type-|
- Weinberg’s d=5 operator: ; A " Np
. L L
S. Weinberg, PRL 43, 1566 (1979)  Leff KLHLH “1,0) X
X o+

type-ll seesaw A

type-lll seesaw \ N
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VWWhere do the GUTs live!?

. . 1%
® Neutrino masses in the SM: L = Qf) i ot
: ; type-| \
- Weinberg’s d=5 operator: ; A " Ngp
| L L
S. Weinberg, PRL 43, 1566 (1979)  Leff KLHLH “1,0) X
. . . 4 >+
g ® Neutrino oscillations:  Am2 = (8.0 £0.3) x 10~%eV? 1); H
0 IAmZ| = (2.5 +£0.3) x 107%eV?  type-Il seesaw A
LNL
(1,3, £1)
* X

type-lll seesaw
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VWWhere do the GUTs live!?

. . 1%
® Neutrino masses in the SM: L = Qf) i ot
. , y |
- Weinberg’s d=5 operator: - tYpe-] seesaw Y Npg
S. Weinberg, PRL43, 1566 (1979)  Leyp > = LHLH 0 X
< ® Neutrino oscillations: Am? = —Sey?2 s -
& : m2 = (8.0+0.3) x 107 %V H
O IAmZ| = (2.5 +£0.3) x 107%eV?  type-Il seesaw A
< LNL
5 ® Cosmology (structure): Zmi S leV (1,3, £1)
o (]
2 : ) < 1eV
m c
o (v203: (M) < Hve\ )}{

type-lll seesaw
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VWWhere do the GUTs live!?

® Neutrino masses in the SM: L = (Zf) i ot
- Weinberg’s d=5 operator: - type-l seesaw LN
S. Weinberg, PRL43, 1566 (1979)  Leyp > = LHLH 0 X
g ® Neutrino oscillations:  Am2 = (8.0 £0.3) x 10~%eV? 5 ’ “H
O IAmZ| = (2.5 +£0.3) x 107%eV?  type-Il seesaw ;AL
LNL
5 ® Cosmology (structure): Zmi S leV (1,3, £1)
o (]
= : ) < 1eV
m e
o (v203: (m®) < Hve“ )}{
type-lll seesaw
F
Ly Lr
A ~ (10'2 — 10'4) GeV (1,3,0)

Remarkably close to the scale inferred from gauge unification!
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How to test GUTs?



Monopoles(?)

No way to produce GUT monopoles in lab, only cosmics or Callan-Rubakov

G. Giacomelli, L. Patrizii,and Z. Sahnoun, arXiv:1 105.2724
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Monopoles(?)

No way to produce GUT monopoles in lab, only cosmics or Callan-Rubakov

G. Giacomelli, L. Patrizii,and Z. Sahnoun, arXiv:1 105.2724

® |ndirect
I 1 1 —15 -2 —1 _.—1
- galactic magnetic field depletion ® < 10™ " cm™“s™ “sr E N Parker 1970
- pulsar stability more stringent, less reliable Urneretal 1982
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Monopoles(?)

No way to produce GUT monopoles in lab, only cosmics or Callan-Rubakov

G. Giacomelli, L. Patrizii,and Z. Sahnoun, arXiv:1 105.2724

® Indirect
- galactic magnetic field depletion ® < 107" cm™2%s 'sr* £ N Parker 1970
- pulsar stability more stringent, less reliable 'Uneretal 1982
® Direct
- highly ionizing tracks, C-R effect ® < 107" cm s sy MACRO 2001 (GS)
- large Cherenkov detectors similar, large 8 only AMANDA
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Monopoles(?)

No way to produce GUT monopoles in lab, only cosmics or Callan-Rubakov

G. Giacomelli, L. Patrizii,and Z. Sahnoun, arXiv:1 105.2724

® |ndirect
- galactic magnetic field depletion ® <107 em s 'sr™! E N, Parker 1970
- pulsar stability more stringent, less reliable 'Urneretal 1982
® Direct
- highly ionizing tracks, C-R effect ® < 107" cm s sy MACRO 2001 (GS)
- large Cherenkov detectors similar, large 3 only AMANDA
® Semi-direct
- extra neutrino flux from Sun ® <107 em 2s tsr! Ueno et al. (SK) 2009
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Monopoles(?)

No way to produce GUT monopoles in lab, only cosmics or Callan-Rubakov

G. Giacomelli, L. Patrizii,and Z. Sahnoun, arXiv:1 105.2724

® |ndirect
- galactic magnetic field depletion ® <107 em s 'sr™! E N, Parker 1970
- pulsar stability more stringent, less reliable 'Urneretal 1982
® Direct
- highly ionizing tracks, C-R effect ® < 107" cm s sy MACRO 2001 (GS)
- large Cherenkov detectors similar, large 3 only AMANDA
® Semi-direct
- extra neutrino flux from Sun ® <107 em 2s tsr! Ueno et al. (SK) 2009

N.B. early (fake) monopole-like events  Price et al. 1975
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Proton decay
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Proton decay
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Birth: February 25 1974 - Georgi & Glashow PRL32
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Proton decay

# of works @ inSPIRE
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Birth: February 25 1974 - Georgi & Glashow PRL32  Experiment: 7, = 10°° yT  Reines, Crouch (1974 PRL March 4)
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Proton decay

# of works @ inSPIRE
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Infancy

31
Theory: Tp ~ 10°° ¥T'  Georgi, Quinn, Weinberg 1974
Birth: February 25 1974 - Georgi & Glashow PRL32  Experiment: 7, = 10°° yT  Reines, Crouch (1974 PRL March 4)
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Proton decay

lifetimes enormous => need for large detectors

i.e., water Cherenkoy,

# of works @ inSPIRE liquid scintilators,

: L nowadays liquid argon...
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Infancy

31
Theory: Tp ~ 10°° ¥T'  Georgi, Quinn, Weinberg 1974
Birth: February 25 1974 - Georgi & Glashow PRL32  Experiment: 7, = 10°° yT  Reines, Crouch (1974 PRL March 4)
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First large water-Cherenkov detectors

KamiokaNDE

Kamioka-cho, Gifu, Japan

3,000 tons of pure water, about 1,000 PMs

1983-1985 - first phase (proton decay focused)

1987-1990 - solar neutrino deficit measurements

Feb. 23 1987 07:35 - 12 out of 10°8 neutrinos
from SN 1987A (170,000 ly)

1989 |7, = 2.6 x 10°* yr

Y

1990 Solar neutrino deficit confirmation 2002 Nobel prize for Masatoshi Koshiba
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First large water-Cherenkov detectors
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Kamioka-cho, Gifu, Japan

3,000 tons of pure water, about 1,000 PMs

1983-1985 - first phase (proton decay focused)

1987-1990 - solar neutrino deficit measurements

Feb. 23 1987 07:35 - 12 out of 10°8 neutrinos
from SN 1987A (170,000 ly)
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Y

1990 Solar neutrino deficit confirmation 2002 Nobel prize for Masatoshi Koshiba
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First large water-Cherenkov detectors

: s ! Morton salt mine, Mentor,
IMB (Irwine-Michigan-Brookhaven) experiment Cleveland/Ohio

3x larger than KamiokaNDE

worse PM’s though

(coverage about 1% only)

Run1:1982-1991 (IMB)

few more years after
upgrade (until about 1998)

Much better in phase 2 & 3,
back on the track

8 neutrinos from SN 1987A  IMB 3 (1999): [ 7, = 8.5 x 10*? yr




First large water-Cherenkov detectors

‘< N & we Morton salt mine, Mentor,
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8 neutrinos from SN 1987A  IMB 3 (1999): | 7,, = 8.5 x 10°* yr
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First large water-Cherenkov detectors

: s ! Morton salt mine, Mentor,
IMB (Irwine-Michigan-Brookhaven) experiment Cleveland/Ohio

3x larger than KamiokaNDE

worse PM’s though

(coverage about 1% only)

Run1:1982-1991 (IMB)

few more years after
upgrade (until about 1998)

Much better in phase 2 & 3,
back on the track

8 neutrinos from SN 1987A  IMB 3 (1999): [ 7, = 8.5 x 10*? yr




Proton decay In water

“Golden channel’: p — Ve P = Pe = 459 MeV
) — 2y Oy/mr = 68 MeV

gamma

Positron

“ Proton

gamma
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Proton decay In water

“Golden channel’: p — Ve P = Pe = 459 MeV
) — 2y Oy/mr = 68 MeV

Main background: vN — Ne™ + #n inelastic CC scattering of atmospheric neutrinos

gamma

Positron

" Proton

gamma

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 24/many



Proton decay in water

“Golden channel’”: p — Vet Prn = Pe = 459 MeV
) — 2y Oy/mr = 68 MeV

Main background: vN — Ne™ + #n inelastic CC scattering of atmospheric neutrinos

Other complication - nuclear effects

" . gamma
- majority of nucleons in oxygen

- Fermi motion

- pion charge exchange Positron

- absorption
.~ Proton

gamma
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Proton decay in water

“Golden channel’”: p — 7T06+ Prn = Pe = 459 MeV
) — 27y Py/mR = 68 MeV

Main background: vN — Ne™ + #n inelastic CC scattering of atmospheric neutrinos

Other complication - nuclear effects

- majority of nucleons in oxygen

- Fermi motion ‘f \-

- pion charge exchange ROSHEON f L_’
- absorption |

Q ,/) Proton
\/
Other signals
- nuclear recombination - extra 6.3 MeV photon gamma

- neutron capture at a dope (Gd, ...)
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Proton decay In water

“Silver channel”> p — KTv Pk = 340 MeV

Kt—u*+V [Br=63.5% Kt —n*+ 10 [Br=207%
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p, = 236MeV/c
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Proton decay In water

“Silver channel”> p — KTv pk = 340 MeV Kaons don’t shine !

Kt—=u*+V [Br=63.5% Kt —n*+ 10 [Br=207% v

-
“ea.
. S — .‘b.

-
......
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>
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«* Y
-
y -—-
. ,
.~ ’
") 3 ’
L4
e ’ '
‘e ’
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\\
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g 7 Y
p, = 236MeV/c p, = 205 MeV/c
- single cone - 2 EM cones

- little opposite-side activity
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Proton decay In water

“Silver channel”> p — KTv pk = 340 MeV  Kaons don't shine !
Kt —=u*+V [Br=63.5% Kt —=n*+ 70 [Br=20.7% v
MRt T i @
K* \/ \/’ K* Y
p, = 236MeV/c p, = 205 MeV/c
- single cone - 2 EM cones

- little opposite-side activity

About one order of magnitude less sensitive than p — Vet

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 25/many



Proton decay

The era of IMB gince 1982y & Kamiokande since 1983)
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Proton decay

FIRST WORKSHOP ON
GRAND UNIFICATION
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Editors: Paul H. Frampton,
Sheldon L. Glashow,
Asim Yildiz.
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Proton decay

The era of IMB gince 1982y & Kamiokande since 1983)

# of works @ inSPIRE
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Experiment: 7, = 2.6 X 10%* yr Kamiokande (1989)
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Proton decay

The era of IMB gince 1982y & Kamiokande since 1983)

# of works @ inSPIRE
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Great
depression

Experiment: 7, = 2.6 X 10%* yr Kamiokande (1989)
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Proton decay

The era of IMB gince 1982y & Kamiokande since 1983)

# of works @ inSPIRE

50

40

Al :|:_|_
° e U
I [

St L

1980 1985 1990 1995 2000 2005 2010

— SPS indicated more that 10 sigma
Great discrepancy in the weak mixing angle
depression —> failure of G-G

Experiment: 7, = 2.6 X 10%* yr Kamiokande (1989)
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Proton decay

LAST WORKSHOP
ON GRAND UNIHICATION

Editor:

Paul H. Frampton

University of North Carolina at Chapel Hill

April 20-22, 1989

World Scientific
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Proton decay

The era of IMB gince 1982y & Kamiokande since 1983)
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SUSY frenzy
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Proton decay

The era of IMB gince 1982y & Kamiokande since 1983)

# of works @ inSPIRE
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p—
SUSY frenzy

LEP precision data support MSSM-like unification IZ{> interest in SUSY GUTs
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Proton decay

The era of IMB 3 (beg.of 19905) & Super-K since 19%)
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2nd depression: d=5 proton decay
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Proton decay

The era of IMB 3 (beg.of 19905) & Super-K since 19%)
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—4 7, 2 8.5 x 10°% yr

2nd depression: d=5 proton decay
IMB-3 1999

First reliable calculations & new proton & flavour data |:{> failure of the SUSY GG
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Proton decay

The era of IMB 3 (beg.of 19905) & Super-K since 19%)

# of works @ inSPIRE
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—t 7, 2 8.5 x 10°% yr
to some extent 2nd depression: d=5 proton decay

S IMB-3 1999

First reliable calculations & new proton & flavour data £=> failure of the SUSY GG (?)
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Proton decay

Supel‘-K (since 1996)
# of works @ inSPIRE
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p——————— 7, > 8.2 x 10% yr
“SO(10) era”
Super-K (2009)

neutrino masses and mixing constraints
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Proton decay

future: Hyper-Kamiokande(?), LAGUNA(?), LBNE (?)

# of works @ inSPIRE
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e 7 >822 x 10% yr

“SO(10) era”
Super-K (2009)

neutrino masses and mixing constraints
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Proton decay

Optimistic scenario: Hyper-Kamiokande @ around 2020
Hyper-K letter of intent: Abe et al., arXiv:1109.3262 [hep-ex]
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Proton decay

Hyper- Optimistic scenario: Hyper-Kamiokande @ around 2020
Hyper-K letter of intent: Abe et al., arXiv:1109.3262 [hep-ex]
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Proton decay

Hyper- Optimistic scenario: Hyper-Kamiokande @ around 2020
Hyper-K letter of intent: Abe et al., arXiv:1109.3262 [hep-ex]
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Accuracy of a factor of few in [, needed to make a case !
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The status of SO(10) GUTs

(again, just minimal models)



The status of SO(10) GUTs

(again, just minimal models)

“wrong at the right time”



SO(10) basics

Georgi & Glashow 1974

® Matter family in a single spinor Fritzsch & Minkowski 1975

16F = (3,2,+3)® (1,2, —-3)® (3,1,+3) @ (3,1,—2) & (1,1,+1) & (1, 1,0)
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® Strongly correlated Yukawa’s:
10 =(1,2,—3) ®(1,2,+3)® (3,1,+3) ® (3,1, —3)

16,1610y > Dirac masses for everybody can be obtained with a single coupling!
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SO(10) basics

Georgi & Glashow 1974

® Matter family in a single spinor Fritzsch & Minkowski 1975

16F = (3,2,+3)® (1,2, —-3)® (3,1,+3) @ (3,1,—2) & (1,1,+1) & (1, 1,0)

® Strongly correlated Yukawa’s:
10 =(1,2,—3) ®(1,2,+3)® (3,1,+3) ® (3,1, —3)

16,1610y > Dirac masses for everybody can be obtained with a single coupling!

® RH neutrinos automatic, renormalizable type I+ll seesaw natural

126 2 (1,2,—2)® (1,2, +3) @ (1,1,0) @ (1,3,+1) @ . ..

16167126 > LH and RH Majorana neutrino masses, extra Dirac contributions
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SO(10) symmetry breaking

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted

A

Mc"MR+ o/ MRO

- Cauz® > Go)3
{210} (1,3,15) {126} (1,3,10 )

ﬁ\b\ (16} (1,2,4)

'

0 (10) e——cX it e G
S 10 & - >— —
{54} e 27T {as} (,1,15) e o
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SO(10) symmetry breaking

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted
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Mg =
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SO (10) e > G
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SO(10) symmetry breaking

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted
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SO(10) symmetry breaking

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted

‘A

Mc=M <
. G WMRY

{210} (1,3,15)

MR°

\

G . —
“% e} 1,300 ) 7P

L 16} (1,2.9)

Mg =
224" i
{45} (1,1,15)_

SO (10) e > G
{54} (LLN+
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SO(10) symmetry breaking

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted

e MC'MR+ ‘/o/ N &
. -
{210} (1,3,15) ‘% ize} 0,300 )

}o,\ {16} (1,2,4)

MRO

'

Mx MP’MC

S0 10) & - G
{54} (1L, + 22“".;{45} (1,1,15)_ %19

“Optically” minimal Higgs models:
45+16 or 45+126

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 37 /many



SO(10) symmetry breaking

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted

MRO

e MC'MR+ ‘/o/ N &
. -
{210} (1,3,15) ‘% ize} 0,300 )

0 2 0y

'

Mx MP’MC

S0 10) & - G
{54} (1L, + 22“".;{45} (1,1,15)_ %19

“Optically” minimal Higgs models:
45+16 or 45+126

N.B. Single-Higgs breaking (144)
Babu, Gogoladze, Nath, Syed
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Minimal SUSY SO(10)?

45+16 45+126
+ technically simpler - much more complicated
- nonrenormalizable + renormalizable Yukawas!
- d=4 proton decay + automatic R-parity

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 38 /many



Minimal SUSY SO(10)?

45+16 45+126
+ technically simpler - much more complicated
- nonrenormalizable + renormalizable Yukawas!
- d=4 proton decay + automatic R-parity

*The Higgs models with just 16+45 or 126+45 are nonrenormalizable!
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The spectacular failure of the minimal SUSY SO(10)

renormalizable
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The spectacular failure of the minimal SUSY SO(10)

renormalizable

Babu, Mohapatra, Fukuyama, llakovac,
Minimal renormalizable SUSY SO(10) Kikuchi, Okada, Macesanu, Aulakh,
Bajc, Senjanovic,Vissani, Melfo, Ng,
Gargh, Frigerio, Bertolini, MM Schwetz,
and many others...
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renormalizable
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Minimal renormalizable SUSY SO(10) Kikuchi, Okada, Macesanu, Aulakh,
Bajc, Senjanovic,Vissani, Melfo, Ng,
Gargh, Frigerio, Bertolini, MM Schwetz,
and many others...

10 @ 126 @ 126 @ 210 Higgs sector Clark, Kuo, Nakagawa 1982

Aulakh, Bajc, Melfo, Senjanovic,Vissani 2004
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The spectacular failure of the minimal SUSY SO(10)

renormalizable

Babu, Mohapatra, Fukuyama, llakovac,

Minimal renormalizable SUSY SO(10) Kikuchi, Okada, Macesanu, Aulakh,
Bajc, Senjanovic,Vissani, Melfo, Ng,
Gargh, Frigerio, Bertolini, MM Schwetz,
and many others...

10 @ 126 @ 126 @ 210 Higgs sector Clark, Kuo, Nakagawa 1982

Aulakh, Bajc, Melfo, Senjanovic,Vissani 2004
High B - L scale ——=> neutrinos too light
Low B - L scale —=> unification fails

Aulakh, 2005, Bertolini, MM, Schwetz 2006
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Non-SUSY SO(10)

Is the tension between seesaw and unification alleviated w/o SUSY?
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Non-SUSY SO(10)

Is the tension between seesaw and unification alleviated w/o SUSY?

Maybe; unification pattern is different here...

Actually, there is much more to the minimal non-SUSY SO(10)...

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 40 /many



SO(10) & the quest for predictivity...



DLW N =

Michal Malinsky, IPNP Prague

Proton lifetime calculations in GUTs

SU(5) 1] -
SUG)+L5 [2] pT —7e”
SU(5)+15 [3] -
SU(5)+45 [4] -
SO(10)  [5] -
SU(5) 6] I
SU(5) 7] R
SO(10) [6] pt— Ktz
SO(10) 8] R

lifetime [years]: 1028 1032 1039 1040

Georgi, Quinn,Weinberg, PRL 33,451 (1974)

Dorsner, Fileviez Perez, NPB 723,53 (2005)

Dorsner, Fileviez Perez, Rodrigo, PRD75, 125007 (2007)
Dorsner, Fileviez Perez, PLB 642, 248 (2006)

Grand unification - the quest for predictvity

5] Lee, Mohapatra, Parida, Rani, PRD 51 (1995)

6] Pati, hep-ph/0507307

7] Murayama, Pierce, PRD 65.055009 (2002)

8] Dutta, Mimura, Mohapatra, PRL 94, 091804 (2005)
...and many more.

Brussels, June 5 2013 42 /many



Proton lifetime calculations in GUTs

SU(5)
SU(5)+15
SU(5)+15
SU(5)+45
SO(10)

p+ . 7TO€+

LS

SU(5) current limits
SU(5)

SO(10)

SO(10) 1
| | . |
lifetime [years]: 1028 1032 1036 1049
Georgi, Quinn,Weinberg, PRL 33,451 (1974) 5] Lee, Mohapatra, Parida, Rani, PRD 51 (1995)
Dorsner, Fileviez Perez, NPB 723,53 (2005) Pati, hep-ph/0507307

]
6]
Dorsner, Fileviez Perez, Rodrigo, PRD75, 125007 (2007) [7] Murayama, Pierce, PRD 65. 055009 (2002)
Dorsner, Fileviez Perez, PLB 642, 248 (2006) 8] Dutta, Mimura, Mohapatra, PRL 94, 091804 (2005)
...and many more.

p+ Kty

EERE )

DLW N =
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Precision proton lifetime calculations in GUTs

Main theoretical uncertainties:

GUT scale determination

- at least two loops

- requires a very good understanding of the spectrum
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Precision proton lifetime calculations in GUTs

Main theoretical uncertainties: Larsen, Wilczek, NPB 458, 249 (1996)
G.Veneziano, JHEP 06 (2002) 051

Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

Planck scale effects
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Planck scale effects

L3 %F“”(@)Fw

- finite shifts in the gauge matching

- can be as large as Aozz-_l ~ 1

Brussels, June 5 2013 44 [/many.

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity



Precision proton lifetime calculations in GUTs

Larsen,Wilczek, NPB 458,249 (1996)
G.Veneziano, JHEP 06 (2002) 051

Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

Main theoretical uncertainties:

Planck scale effects

L3 %F“”(@)Fw

- finite shifts in the gauge matching

- can be as large as Aozz-_l ~ 1

easily half an order of magnitude uncertainty in Mg'!
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Precision proton lifetime calculations in GUTs

Main theoretical uncertainties:

Flavour structure of the BLV currents
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Precision proton lifetime calculations in GUTs

Main theoretical uncertainties:

Flavour structure of the BLV currents

- simple Yukawa sector desirable

- some channels more sensitive than others

92

M1/6

Example: il ueytd; d_f;’Yp,Vk Cisi = (ViVa) ji(VEVi)an
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Precision proton lifetime calculations in GUTs

Main theoretical uncertainties:

Flavour structure of the BLV currents

- simple Yukawa sector desirable

- some channels more sensitive than others

92

M6

Example:

Cijrueytdi diyuve  Cijw = (VEV) i (VEV)

Supersymmetry

- effective cut-off scale, SUSY thresholds, d=5 dressing...
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Precision proton lifetime calculations in GUTs

Main theoretical uncertainties:

Flavour structure of the BLV currents

- simple Yukawa sector desirable

- some channels more sensitive than others

92

M6

Example: Cijruey di dsyuvr Cir = (VEVD) (Vi Vi)

Supersymmetry

- effective cut-off scale, SUSY thresholds, d=5 dressing...

forget...
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The minimal SO(10) blessing

SO(10) broken by 45, rank reduced by 126
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The minimal SO(10) blessing

SO(10) broken by 45, rank reduced by 126 (90)o(¢P)o = ¢ijdij PriPri
(09)2(PP)2 = Dijdirdrj ik

Scalar potential: V' = V5 + V126 + Vinix (60)o = $ijdij, (EX*)o = Zijkim Eijrim
o (22*)0 (22*)0 = 2:i.‘iklmzrt'.jy'lclm21‘101"11‘2:zopqr
a a
‘/45 — _%'(¢¢)0 + ZO(¢¢)0(¢¢)O + 'Zz(¢¢)2(¢¢)2 ) (22*)2(22*)2 = Eijklmzzjklnzopqrmzzpqrn
Vigg = —1;_?(22*)0 (EX7)4(EX7)4 = Bijkim Eijkno Lpgrim Lpgrno
Ao A ) (5% ) = Diipgn .
+ @(22*)0(22*)0 -+ ﬁ(zz*)2(22*)2 (22 )4 (EE )4 2".7"31'"’"21.;)lsznozl"ﬂ'l"‘2:}:’q1"mo
A4 . i )\fl " " (22)2(22)2 = Yijkim Zijkin Xopgrm2opgrn
+ Yo (B )i 4 b 35 34 D7 03 338 D,
(3!)2(2!)2( AET)a (3!)2( e (9)2(ZZ%)2 = 84 Zkimni Zkimng
772 Tl* * * * *
o g W(Ezh(zzh 25 (4!2)2 (E*E%)2(X*EY)2, (00)o(EX%)0 = ¢ Pij EkimnoZkimno
Vinix = 1—7!-(915)2(2}3*)2 p %(M)O(EZ*)O (06)4(2X%) 4 = ¢ij Pt Emnoii Emnoki
3! - % e W Toes :
i —4ﬂ.§.-(¢¢)4(22*)4 + %(¢¢)4, (%) (98)er (B )ar = i bt Zrmnoik Zinnogt

(¢¢)2 (22) 2 = ¢ij ¢ik Elmnoj 2lm‘nols:

N2 '7; * 0k
+ = YY)+ -= 27Y7)2.
4! (¢¢)2( )2 Al (¢¢)2( )2 (¢¢)2(2*2*)2 = ¢ij¢ik2;mnoj2{mnok
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The minimal SO(10) bicscing

SO(10) broken by 45, rank reduced by 126

Scalar potential: V' = V5 + V126 + Vinix

2
Vis = —'5-(8)0 + 7 (60)o(0)0 + 7 (#6)2(69):

(5')2 (22*)0(22*)0 +
A4

4v)2

(
Z(¢)2(22*)2 + 2.—5!(¢¢)o(22*)0

+ P (00)(E5)a + 2 (90)w (55%)w

Vmix —

+ 2(60)2(88)2 + 2 (96285,

Michal Malinsky, IPNP Prague

(3|)2(2v)2 (BX7)4(2E)a + |)2 (2222*)4

Grand unification - the quest for predictvity

(0h)o(P0)o = ¢ijDij Pridr

(00)2(90)2 = dijPirP1j Pik
(#P)o = dijdij, (X))o = Zijkim Zijkim
(22*)0 (22*)0 = Zijklngjklmzﬂoquz:wpqr

(22* )2 (22* )2 = zgklm}::jkm z:opqrmz:*

opgrn

* *
)4 (22 )4 = 3Jklmztjknozmrlm2pqrno
= *
)4' (22 )4' — Uklm 21..7’l<:noz:l"l"l“quwno

(22)2(22)2 - zjklm zgklnzopqrmzopqrn
(¢)2(22*)2 — ¢‘lj 2klmm2k1mn3

4')2 (Z‘) (2*‘ ‘¢¢)0(22*)0 — ¢1J¢'»J):'klmnozklmno

(¢¢)4 (22*)4 — ¢zg ¢kl 2mnoag Emnokl
(00)ar (EX*)ar = Gij Dkt Emnoik Emnosi
(¢¢)2 (22) 2 = ¢ij ¢ik z:lmnoj Elmnok

(¢¢)2(2*2*)2 = ¢ijPik z:;‘muoj z:;.;'m'tok

Brussels, June 5 2013
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The minimal SO(10) bicscing

Ruled out in 1980’s
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The minimal SO(10) bicscing

Ruled out in 1980’s

m%&l,O) = 2as(wr —wy)(wr + 2wy)
m%1,3,0) = 2a2(wy —wgr)(wy + 2wg)

Yasue 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985

(o \
(45)

Wy X To
WR

\ 2y
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The minimal SO(10) bicscing

Ruled out in 1980’s

m%S,l,O) = 2as(wr —wy)(wr + 2wy)
m%1,3,0) = 2as(wy — wWR)(wy + 2wg)

Yasue 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985

——

.z’*. -
L5

(45) =
wy > WR
45 45 16
SO(10) = SU3).S5U2), @ SUR)r@U(l)p_ = SUB).®SU2), U(1)r@U(1)g_1, — SM
Wy WR
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The minimal SO(10) biescing

Ruled out in 1980’s

m%S,l,O) = 2as(wr —wy)(wr + 2wy)
m%1,3,0) = 2as(wy — wWR)(wy + 2wg)

Yasue 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985

[ wr )

Wy
(45) = Wy

Wy > WR \ N’

45 45 16
SO(10) = SU3). @ SU2), @ SUR)g@U(1)g_, — SU3). @ SU2), @U(1)g@U(1)g_r, — SM

Wy WR
WR > Wy

45 45 16
SO(10) - SU4)c @ SUR), UM rU1)g_r, — SU3).SU2), U(1)g@U(1)g_, — SM

WR Wy
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The minimal SO(10) bicscing

Ruled out in 1980’s

2

Mig10 = 202(wr—wy)(wr+ 2wy)
m%1,3,0) = 2as(wy — wWR)(wy + 2wg)

Yasue 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985

(o \
(45)

Wy X To
WR

\ 2y

Aaarrrggh... tachyonic spectrum unless 1 < |wy /wr| < 2
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Ruled out in 1980’s
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(45)

Wy X To
WR

\ 2y

Aaarrrggh... tachyonic spectrum unless 1 < |wy /wr| < 2

SU(5)-like vacua only, not far from the “SM running”’!
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The minimal SO(10) bicscing

Ruled out in 1980’s

m%S,l,O) = 2as(wr —wy)(wr + 2wy)
m%1,3,0) = 2a2(wy —wgr)(wy + 2wg)

Yasue 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985

[ wr \

Wy

<45> Wy X To

WR

\ 2y

Aaarrrggh... tachyonic spectrum unless 1 < |wy /wr| < 2 '{&é l
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The minimal SO(10) bicscing

Ruled out in 1980’s

2 _
m(&l,O) = 2as(wr —wy)( 2wy )

m(l 3,0) + 2wp)
Yasue 1981, Anasta erendi ' Buccell 83, Babu, Ma 1985

<45> — ‘ ""JY X To
\ y

Aaarrrggh... tachyonic spectrum unless 1 < |wy /wr| < 2 % l

SU(5)-like vacua only, not far from the “SM running™! N
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The minimal SO(10) bicscing

“Do not trust arguments based on the lowest order of perturbation theory.”

S.Weinberg ,“Why RG is a good thing”
in “Asymptotic Realm of Physics”, MIT press 1983
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The minimal SO(10) bicscing

Quantum salvation in 2010

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 49 /many



The minimal SO(10) bicscing

Quantum salvation in 2010

Pl !
One-loop effective potential:  ¢-----.. / S— ¢
1 & ' T
\\\\.X-",I
® (#) (9)® & (@) (9) &
\‘ ’,r"x-“\\ ’/, \\\ ”1
? ------ \-"I ‘|,_I, ------ ? ? ------ \ B e e (?
51‘\ I',B g2 g2
\\\~X-",’
1
Am%l,&o) = = [7’2 + 3*(2w% — wrwy + 2wi) + ¢ (16w]2% + wywpr + 19w32/)] + logs,
1
Amis, o) = ywes (7% + % (wh — wrwy + 3wy ) + ¢" (13wF 4+ wywr + 22wy )] + logs,

Bertolini, Di Luzio, MM, PRD 81,035015 (2010)
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The minimal SO(10) bicscing

Leading Planck-scale effects in Mg absent

L3 %F“”<45>FW — 0
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The minimal SO(10) blessing
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Towards a consistent & potentially realistic SO(10) scenario

““Consistency is the last refuge
of people without imagination”

Oscar Wilde
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Towards a consistent & potentially realistic SO(10) scenario

Chang, Mohapatra, Gipson, Marshak, Parida (1985) “Consistency is the last refuge

f 1 ° h ° ° ° 99
Deshpande, Keith, Pal (|993) ol people without 1imagination

Oscar Wilde
Bertolini, Di Luzio, MM (2009)

Simple estimates: Mgeesaw ~ 101 GeV

Michal Malinsky, IPNP Prague
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Towards a consistent & potentially realistic SO(10) scenario

Chang, Mohapatra, Gipson, Marshak, Parida (1985) “Consistency is the last refuge

f 1 ° h ° ° ° 99
Deshpande, Keith, Pal (|993) ol people without 1imagination

Oscar Wilde
Bertolini, Di Luzio, MM (2009)

Simple estimates: Mgeesaw ~ 101 GeV —> too heavy LH neutrinos!?

multiple Yukawa finetuning?

NO! Enough to push one scalar into the desert!

Two potentially realistic minimally finetuned & consistent options:

Bertolini, Di Luzio, MM, PRD85 095014 2012

Michal Malinsky, IPNP Prague

Grand unification - the quest for predictvity Brussels, June 5 2013
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Towards a consistent & potentially realistic SO(10) scenario

multiplet | type |eigenstate A mass [GeV]
(6,3,+1)| CS 1 2,4, g 5.6 x 10!
(1,1,-1)| VB 1 (0,0,— %t 1.3 x 10
(1,1,4+1) | VB 1 (0,0,—1 1.3 x 10
(1,1,+1)| GB 1 (0,0, % 1.3 x 10*

(1,1,0) | VB 1 (0,0,0) 2.8 x 10

(1,1,0) | GB 1 (0,0,0) 2.8 x 10"

(8,1,0) | RS 1 (3,0,0) T %d0™
(3,2,+3)| cs 2 AL 1.1 x 10%®
3,2,+%)| cs 1 33 8 1.2 x 10*°

(1,1,0) | RS 2 (0,0,0) 4.3 x 10*°
(1,1,42) | CS 1 (0,0, 2 4.5 x 10*°
(3,2,-1)| VB 1 u_u 5.2 x 105
(3,2,+2)| VB 1 ua _u _1)152 x 105
(3,2,+1)| GB 1 3,1,1) [5.2x108
(3,2,+2)| VB 1 A _35)152 x10%°
(3,2,-%)| VB 1 A i _58)15.2 x10%°
(3,2,-8)| GB 1 (3,1,5 |52x10'®
(1,1,+1)| CS 2 (0,0, £ 5.6 x 10'°

(1,1,0) | RS 3 (0,0,0) 5.7 x 10*°

(1,3,0) | RS 1 (0, %,0) 6.1 x 10*°
(3,1,+)| CS 1 (1,0, =) 6.4 x 10'°
(8,2,+%)| CS 1 (2, 4,4) 9.3 x 10*°
(3,1,+%)| CS 1 (1,0, 1%) 9.6 x 10"
(3,1,+3)| CS 2 (3,0, 1) 9.6 x 10*°
3,1,-2)| CS 2 (3,0, %) 9.6 x 10'®

Michal Malinsky, IPNP Prague

multiplet | type |eigenstate Ap3* mass [GeV]
(8,2,+3)]| Cs 1 (2, %, ; 2.3 x 10*
(3,1,-2)| VB 1 (—%,o, 2.8 x 10%3
(3,1,+2)| VB 1 (=41,0,— 2.8 x 1013
(3,1,-2)| GB 1 (,0,4 2.8 x 103

(1,1,0) | VB 1 (0,0,0) 6.1 x 10'3

(1,1,0) | GB 1 (0,0,0) 6.1 x 10%3
(3.2;+3)| ‘cs8 1 i, é, ;fﬁ 2.6 x 10
(3,2,+2)| CS 3 (3,3 2 ﬁ 2.8 x 10"
(1,2,+2)| RS 1 o, &, i 3.3 x 10™

(1,1,0) | RS 2 (0,0, 0) 2.2 x 10*°
(3,1,-2)| CS 2 (1,0, & 2.3 x 10*°
(6,3,+1)| CS 1 (2,4, 2) 2.3 x 10%°
(3,3,-1)| CS 1 (3,2, 5) 2.3 x 10%°
(1,3,-1)| CS 1 (0, 2, g 2.3 x 105
6,1,—3)| CS 1 50,32 3.2 x 10"

(1,1,0) | RS 3 (0,0,0) 3.3 x 10*®

(8,1,0) | RS 1 (1,0,0) 4.6 x 10*°

(1,3,0) | RS 1 (0, 1,0) 6.1 x 10*°
(3,2,+%)| VB 1 (=4, -1 8.7 x 10*°
(8,2,-%)| VB 1 (-4, -1 -25)]8.7 x 10'®
(3,2,-2)| GB 1 (3,1,3) 8.7 x 10*°
3,2,-1)| VB 1 (=4,-4u _1)ig87 x 10'°
(3,2,+2%)| VB 1 (-4,-4 _iyg 7 x 10'°
(3,2,+%)| GB 1 (3,2,%) |8.7x10%®
(3,1,+3)| CS 1 (3,0, &) 1.1 % 10
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Towards a consistent & potentially realistic SO(10) scenario

Light

multiplet | type |eigenstate A mass [GeV]
(6,3,+1)| CS 1 (& ,g) 5.6 x 1011
(1,1,-1)| VB 1 (0,0,— %t 1.3 x 10
(1,1,4+1) | VB 1 (0,0,—1 1.3 x 10
(1,1,+1)| GB 1 (0,0, % 1.3 x 10

(1,1,0) | VB 1 (0,0,0) 2.8 x 10

(1,1,0) | GB 1 (0,0,0) 2.8 x 10"

(8,1,0) | RS 1 (3,0,0) T %d0™
(3,2,+3)| cs 2 AL 1.1 x 10%®
3,2,+%)| cs 1 33 8 1.2 x 10*°

(1,1,0) | RS 2 (0,0,0) 4.3 x 10*°
(1,1,42) | CS 1 (0,0, 2 4.5 x 10*°
(3,2,-1)| VB 1 (-4,-1 _1)/5.2 x 105
(3,2,+%)| VB 1 (-4,-3,-1)|5.2 x 10*®
(3,2,+1)| GB 1 3,1,1) [5.2x108
(3,2,+2)| VB 1 (—4,—31, -358)15.2 x 10*®
(3,2,-%)| VB 1 (—4, -1, —38)15.2 x 10*°
(3,2,-8)| GB 1 (3,1,5 |52x10'®
(1,1,+1)| CS 2 (0,0, £ 5.6 x 10'°

(1,1,0) | RS 3 (0,0,0) 5.7 x 10*°

(1,3,0) | RS 1 (0, %,0) 6.1 x 10*°
(3,1,+)| CS 1 (1,0, =) 6.4 x 10'°
(8,2,+%)| CS 1 (2, 4,4) 9.3 x 10*°
(3,1,+%)| CS 1 (1,0, 1%) 9.6 x 10"
(3,1,+3)| CS 2 (3,0, 1) 9.6 x 10*°
3,1,-2)| CS 2 (3,0, %) 9.6 x 10'®

multiplet | type |eigenstate Ab*? mass [GeV]
(8,2,+3)| CS 1 (2, 4, g 2.8 x 10*
(3,1,-2)| VB 1 (—%,o, 2.8 x 10%3
(3,1,+2)| VB 1 (=41,0,— 2.8 x 1013
(3,1,-2)| GB 1 (,0,4 2.8 x 103

(1,1,0) | VB 1 (0,0,0) 6.1 x 103

(1,1,0) | GB 1 (0,0,0) 6.1 x 10%3
(3.2;+3)| ‘cs8 1 i, é, ;fﬁ 2.6 x 10
(3,2,+2)| CS 3 (3,3 2 ﬁ 2.8 x 10"
(1,2,+2)| RS 1 o, &, i 3.3 x 10™

(1,1,0) | RS 2 (0,0, 0) 2.2 x 10*°
(3,1,-2)| CS 2 (1,0, & 2.3 x 10*°
(6,3,+1)| CS 1 (2,4, 2) 2.3 x 10%°
3,3,-1)| CS 1 (3,2, 5) 2.3 x 10%°
(1,3,-1)| CS 1 (0, 2, g 2.3 x 10%°
6,1,—3)| CS 1 50,32 3.2 x 10"

(1,1,0) | RS 3 (0,0,0) 3.3 x 10*®

(8,1,0) | RS 1 (1,0,0) 4.6 x 10*°

(1,3,0) | RS 1 (0, 1,0) 6.1 x 10*°
(3,2,+%)| VB 1 (=4, -1 _55)/87 x 10'®
(8,2,-%)| VB 1 (-4, -1 -25)]8.7 x 10'®
(3,2,-2)| GB 1 (3,1,3) 8.7 x 10*°
3,2,-1)| VB 1 (-4,-4, _11)/8.7 x 10'°
(3,2,+2%)| VB 1 (-4,-4,-11)/8.7 x 10'°
(3,2,+%)| GB 1 (3,2,%) |8.7x10%®
(3,1,+3)| CS 1 (3,0, &) 1.1 % 10

Light
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Towards a consistent & potentially realistic SO(10) scenario

Light

Seesaw

multiplet | type |eigenstate A mass [GeV]
(6,3,+1)| CS 1 (2,4,2) |5.6 x101!
(1,1,-1)| VB 1 (0,0,— 11) 1.3 x 10*4
(1,1,+1)| VB 1 (0,0,— % 1.3 x 10"
(1,1,+1) | GB 1 (0,0, X 1.8 ¢ 10"

(1,1,0) | VB 1 (0,0,0) 2.8 x 10

(1,1,0) | GB 1 (0,0,0) 2.8 x 10"

(8,1,0) | RS 1 ( 2,0 0) T %d0™
(3,2,+%2)| CS 2 G, 5 = 11 %10
3,2,+%)| cs 1 33 8 1.2 x 10*°

(1,1,0) | RS 2 (0,0,0) 4.3 x 10*°
(1,1,42) | CS 1 (0,0, 2 4.5 x 10*°
(3,2,-1)| VB 1 (-4,-1 _1)/5.2 x 105
(3,2,+1)| VB 1 (-i,-i _1)15.2 x 105
(3,2,+1)| GB 1 3,1,1) [5.2x108
(3,2,+2)| VB 1 (—4,—31, -358)15.2 x 10*®
(3,2,-%)| VB 1 (—4, -1, —38)15.2 x 10*°
(3,2,-8)| GB 1 (3,1,5 |52x10'®
(1,1,+1)| CS 2 (0,0, £ 5.6 x 10'°

(1,1,0) | RS 3 (0,0,0) 5.7 x 10*°

(1,3,0) | RS 1 (0, %,0) 6.1 x 10*°
(3,1,+)| CS 1 (1,0, =) 6.4 x 10'°
(8,2,+%)| CS 1 (2, 4,4) 9.3 x 10*°
(3,1,+%)| CS 1 (1,0, 1%) 9.6 x 10"
(3,1,+3)| CS 2 (3,0, 1) 9.6 x 10*°
3,1,-2)| CS 2 (3,0, %) 9.6 x 10'®

multiplet | type |eigenstate Ab“"’1 mass [GeV]
(8,2,+3)| CS 1 (2,4,% 2.8 x 10*
(3,1,-2)| VB 1 (-%,o, 2.8 x 10*3
(3,1,+2)| VB 1 (=41,0,— 2.8 x 103
(3,1,-2)| GB 1 (,0,4 2.8 x 103

(1,1,0) | VB 1 (0,0,0) 6.1 x 103

(1,1,0) | GB 1 (0,0,0) 6.1 x 10%3
(3.2;+3)| ‘cs8 1 i, é, ;fﬁ 2.6 x 10
(3,2,+2)| CS 3 (3,3 2 ﬁ 2.8 x 10"
(1,2,+2)| RS 1 o, &, i 3.3 x 10™

(1,1,0) | RS 2 (0,0, 0) 2.2 x 10*°
(3,1,-2)| CS 2 (1,0, & 2.3 x 10*°
(6,3,+1)| CS 1 (2,4, 2) 2.3 x 10%°
3,3,-1)| CS 1 (3,2,1) 2.3 x 10%°
(1,3,-1)| CS 1 (0, 2, g 2.3 x 105
6,1,—3)| CS 1 50,32 3.2 x 10"

(1,1,0) | RS 3 (0,0,0) 3.3 x 10*®

(8,1,0) | RS 1 (1,0,0) 4.6 x 10*°

(1,3,0) | RS 1 (0, 1,0) 6.1 x 10*°
(3,2,+%)| VB 1 (=4, -1 _55)/87 x 10'®
(8,2,-%)| VB 1 (-4, -1 -25)]8.7 x 10'®
(3,2,-2)| GB 1 (3,1,3) 8.7 x 10*°
3,2,-1)| VB 1 (-4,-4, _11)/8.7 x 10'°
(3,2,+2%)| VB 1 (-4,-4,-11)/8.7 x 10'°
(3,2,+%)| GB 1 (3,2,%) |8.7x10%®
(3,1,+3)| CS 1 (3,0, &) 1.1 % 10

Light

Seesaw
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Towards a consistent & potentially realistic SO(10) scenario

multiplet | type |eigenstate Ab321 mass [GeV]

Light (e,8,4+2)| CS 1 (%,4, 5.6 x 10!
(1,1,-1)| VB 1 (0,0,— % 1.3 x 10*
Seesaw (1,1,+1)| VB 1 (0,0,— % 1.310™*
(1,1,+1) | GB 1 (0,0, X 1.3 x 10

(1,1,0) | VB 1 (0,0,0) 2.8 x 104

(1,1,0) | GB 1 (0,0,0) 2.8 x 10"

(8,1,0) | RS 1 (,,o 0) 7.7 x 10™
(3,2,+3)| CS 2 2,3, = 11 %10
(3,2,+I)| Cs 1 39 1.2 x 10*°

(1,1,0) | RS 2 (0,0, 0) 4.3 x 10*°

1,1,4+2)| CS 1 0,0, £ 4.5 x 10*®

GUT

(1,1,+1)| CS 2 (0,0, 1) 5.6 x 10'°
(1,1,0) | RS 3 (0,0,0) 5.7 x 10'°
(1,3,0) | RS 1 (0, %,0) 6.1 x 10*°

(3,1,+%)| Cs 1 (2,0, 1) 6.4 x 10"

(8,2,+%)| CS 1 (2,4,4) 9.3 x 10*°

(3,1,+%)| CS 1 (1,0, 18) 9.6 x 10*°

(3,1,+%)| Cs 2 (3,0, 1) 9.6 x 10*°

(3,1,-2)| CS 2 (3,0, ) 9.6 x 10*°

multiplet | type |eigenstate Ab3* mass [GeV]
(8,2,+3)| CS 1 (2,4,% 2.3 x 10*
(3,1,-2)| VB 1 (-1,0,— m 2.8 x 10*3
3,1,42)| VB 1 (-1,0,- 2.8 x 10%3
3,1,-2)| GB 1 (3,0, 2.8 x 10%3
(1,1,0) | VB 1 (0,0,0) 6.1 x 103
(1,1,0) | GB 1 (0,0,0) 8.1¢10"
(3.2;+3)| ‘cs8 1 i i, 33 2.6 x 10
(3,2,+2)| CS 3 (3,3 2 m 2.8 x 10"
(1,2,+2)| RS 1 (0, %, & 3.3 x 10"
(1,1,0) | RS 2 (0,0, 0) 2.2 x10%°
(3,1,-2)| CS 2 (3,0, & 2.3 x 10*°
(6,3,+1)| CS 1 (8,4, 2) 2.3 x 10%°
(3,3,-1)| CS 1 (3,2, 5) 2.3 x 10%°
(1,8,-1)| CS 1 (0, 2, 3 2.3 x 105
6,1,—-3)| CS 1 50,32 3.2 x 10"
(1,1,0) | RS 3 (0,0,0) 3.3 x 10*®
(8,1,0) | RS 1 1.0,0) 4.6 x 10*°
1,3,0) | RS 1 0, 3,0 6.1 x 10*°

(3,1,+3)| CS

Light

Seesaw

GUT
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2, +3) Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)

Michal Malinsky, IPNP Prague Grand unification - the quest for predictvity Brussels, June 5 2013 53 /many



Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2, +3) Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2, +3) Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2, +2) Bertolini, Di Luzio, MM, PRD 85,095014 (2012)
15
1077 1ol
014
oyl B-L scale reaches
up to about 10 GeV.
1012
101! Re wnL|[GeV]
E I TP i1lll | | L1 1hlll | A L ‘T (AR | [ R

10° 1010 1ot 1012 1013 104 101

T(p — €+7TO)SK,2011 > 8.2 x 1073 years
T(p — e m°)HK 2025 > 9 X 10° years [
7(p = eT7°)uK 2040 > 2 X 10%° years M
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2, +3) Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)

M(8,2,+3) [GeV]
1015 Lol [ R Lot AR [ R Lot Lo R

103 104 100 106 107 108 102 1010 qpol!

m(p — e m)sK 2011 > 8.2 x 103 years
T(p = e 1) uK 2025 > 9 x 10>  years
7(p = eT7°)uK 2040 > 2 X 10%° years M
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2, +3) Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)

lwr|[GeV]

A very sharp edge!
/ Y p €dg

1016

M(8,2,+3) [GeV]
1015 Lol [ R Lot AR [ R Lot Lo R

103 104 100 106 107 108 102 1010 qpol!

T(p — er

WO)SK,Q()ll > 8.2 X 1033 years
T(p = 77" )uK 2025 > 9 X 107 years [
7(p = eT7°)uK 2040 > 2 X 10%° years M
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Towards a consistent & potentially realistic SO(10) scenario

Case l:light (8,2,+1) @ one loop  Bertolini, Di Luzio, MM, PRD 85,095014 (2012)

lwr|[GeV]

A very sharp edge!
/ Y p €dg

1016

M(8,2,+3) [GeV]
1015 Lol [ R Lot AR [ R Lot Lo R

103 104 100 106 107 108 102 1010 qpol!

T(p — er

WO)SK,Q()ll > 8.2 X 1033 years
T(p = 77" )uK 2025 > 9 X 107 years [
7(p = eT7°)uK 2040 > 2 X 10%° years M
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Towards a consistent & potentially realistic SO(10) scenario

Case l:light (8,2,+1) @ one loop  Bertolini, Di Luzio, MM, PRD 85,095014 (2012)

A very sharp edge!
/ Y p €dg

M(8,2,+3) [GeV]
1015 Lol [ R Lot AR [ R Lot Lo R

103 104 100 106 107 108 102 1010 qpol!

m(p — e m)sK 2011 > 8.2 x 103 years
T(p = e 1) uK 2025 > 9 x 10>  years
7(p = eT7°)uK 2040 > 2 X 10%° years M
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2,+2) @ two loops Bertolini, Di Luzio, MM, PRD 85,095014 (2012)
+ improved proton decay

1010 R[GeV]

“ B >20x10%y  Hyper-K 2040

B - >90x10%y

7 213 %10y

M(8,2,+3)[GeV]

LA

102 103 104 10° 100 107 108 109 1010
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2,+2) @ two loops Bertolini, Di Luzio, MM, PRD 85,095014 (2012)
+ improved proton decay

1010 R[GeV]

“ B >20x10%y  Hyper-K 2040

B - >90x10%y

7 213 %10y

M(8,2,+3)[GeV]

102 103 104 10° 100 107 108 109 1010
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2,+2) @ two loops Bertolini, Di Luzio, MM, PRD 85,095014 (2012)
+ improved proton decay

1017E wr|[GeV]

“ Bl >20x 10"y  Hyper-K 2040

B . >9.0x10%y

T 2 13 % 10%y

the naive HK-2040
color octet upper

1016 | Tl bound reduced by
) PSS T k 3 orders of magnitude
. —_ .
M(8,2,+3)[GeV]

LA

102 103 104 10° 100 107 108 109 1010
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Towards a consistent & potentially realistic SO(10) scenario

Case I:light (8,2,+2) @ two loops Bertolini, Di Luzio, MM, PRD 85,095014 (2012)

+ improved proton decay
1017

Bl - >20x10”y  Hyper-K 2040

B - >90x10%y

f’f- b/a% | 72 L@y
~ ~~~ f’:lang/e @
"Tl%ne log the naive HK-2040
PR . color octet upper
1016 _ . . bound reduced by
e k 3 orders of magnitude
M(8,2,+3)[GeV]

LA

102 103 104 102 100 107 108 109 1010
CMS JHEP 1301, 013 (2013); ATLAS, JHEP 301,029 (2013)
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Towards a consistent & potentially realistic SO(10) scenario

Case II: light (6, 3, + %) Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)
: WEBL [GGV]
I likely to be ruled out
1016 | @ perturbative level
5 . with improved p-decay
M(6,3, +3)[GeV]
1015 [ R [ N | N NN O G I T o [ R I AT

108 10° 1010 10!l 1012 1013 10!

T(p — er

WO)SK,Q()ll > 8.2 X 1033 years
T(p = 77" )uK 2025 > 9 X 107 years [
7(p = eT7°)uK 2040 > 2 X 10%° years M
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Conclusions / outlook

3rd GUT renaissance! Probably a wishful thinking...

Minimal SO(10) GUT:
Either
we should see a scalar color octet @ LHC
or

we should see proton decay @ Hyper-Kamiokande
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Thanks for your kind attention!



Thanks for your kind attention!

(and sorry for taking extra time)



