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Multi-kiloton neutrino facilities & proton decay

Abstract
We propose the Hyper-Kamiokande (Hyper-K) detector as a next generation underground water
Cherenkov detector. It will serve as a far detector of a long baseline neutrino oscillation experiment en-
visioned for the upgraded J-PARC, and as a detector capable of observing - far beyond the sensitivity
of the Super-Kamiokande (Super-K) detector — proton decays, atmospheric neutrinos, and neutrinos from
astronomical origins. The baseline design of Hyper-K is based on the highly successful Super-K, taking full
advantage of a well-proven technology.
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Multi-kiloton neutrino facilities & proton decay

Abstract
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Multi-kiloton neutrino facilities & proton decay

Abstract
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Proton decay from the SM perspective

Grand unification of the SM interactions

Proton decay estimates in GUTs and their main theoretical uncertainties




Proton decay from the SM perspective



The SM lagrangian conserves B and L
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The SM lagrangian conserves B and L
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The SM lagrangian conserves B and L
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B & L violation in the SM

Only by anomalies (at the renormalizable level)

® Instantons (at zero T) cause 9¢ + 3! < () with immeasurably small rates

He — et m;
A ~ 6—271'/04 -~ 10—(9(100)

® 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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B & L violation in the SM

Only by anomalies (at the renormalizable level)

® Instantons (at zero T) cause 9¢ + 3! < () with immeasurably small rates

He — et m;
A ~ 6—27‘(‘/04 -~ 10—(9(100)

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

Kuzmin, V. Rubakov, M. Shaposhnikov, PLB155, 1985 Fukugita, Yanagida, PLB174, 1986

Renormalizability is nowadays considered a quantitative feature
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SM as an effective theory at d=5 level

LLHH
Weinberg’s d=5 operator L > A S.Weinberg, PRL43, 1566 (1979)

A ~ (10'? — 10'*) GeV

There is only one d=5 effective operator in the SM!

BTW: good to have the “complete Higgs doublet” :-)
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Baryon number violation from the SM perspective
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Baryon number violation from the SM perspective
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Michal Malinsky, IPNP Prague

Proton decay theory and predictions CERN;, April 28 2015



Baryon number violation from the SM perspective
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Renormalizable dynamics behind the SM d=6 BNV!?

Let’s do the same trick that Schwinger & co. played with the Fermi theory:

Elementary vertex:
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Renormalizable dynamics behind the SM d=6 BNV!?

Let’s do the same trick that Schwinger & co. played with the Fermi theory:

Elementary vertex:

QED-like seed of
a renormalizable theory

Elementary vertices:
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Renormalizable dynamics behind the SM d=6 BNV!?

Example: (ds Cug)(Qt C L) =
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Renormalizable dynamics behind the SM d=6 BNV!?

Example: (d% C UR%QCLF CLp)=
Scalar exchange
(3,1,—1) & (3,1,+1)
A
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Renormalizable dynamics behind the SM d=6 BNV!?

Fierz

Example:  (dj C UR%Q"E CL) ! (ur)VuQ|l(dr) VL]

Scalar exchange
(37 17 _%) D (37 17 _l_%)
A
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Renormalizable dynamics behind the SM d=6 BNV!?

Fierz

Example: (dy C UR%Q"E CLpL) ' [(UR)C%Q/((dR)C%L]

Scalar exchange Vector eXchange
(3717_%)69(3717_'_%) (3727_%)@(3727_'_%)
A XH
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Renormalizable dynamics behind the SM d=6 BNV!?

| Fierz |
Example: (d£ CUR%QCE CLL) = [(UR)C’}/MQﬂ(dR)C’yML]
Scalar exchange Vector eXchange
(3717_%)@(3717—'_%) (3727_%)@(3727—'_%)
A XH
Proton instability:
new Yukawa interactions o new gauge interaction o
d « A 4 X
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Renormalizable dynamics behind the SM d=6 BNV!?

Fierz
Example: (d% CUR%QCE CLL) i [(UR)C’}/MQﬂ(dR)C’yML]

Scalar exchange Vector eXchange
(3717_%)@(3717_'_%) (3727_%)@(3727_'_%)
A XF

Proton instability:

new Yukawa interactions o new gauge interaction <
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SM running gauge couplings



Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM:

calculable in perturbation theory

g 11
b= 1672 (02 ZT2 wa T 3 ZTZ sc )
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM:

3
g 11 2 G 1 G
b=z | —5CG) + 3 ) T (Rpy) + 5 ) T5(Ree) | +
Jw sc
~—
b
97 T
Bett dinates: i == - log ——
etter coordinates « e t = 5-1log M,
d first order linear differential
—ozz._l = —b; equation with constant coefficients
dt (at the leading order)
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM

10 1

o1 11 (Y 3 1 [ 32

by | =—— [ 2 2| 2 +-| 1

b 3\ 3 ) S\ 0
3 gauge ferm. scal.
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM

10 1

o1 11 (Y 3 1 [ 2

by | =—— [ 2 2| 2 +-| 2

b 3\ 3 ) S\ 0
3 gauge ferm. scal.

60
50| 9
; az_47r
40|
:a2_1
30;
20|
ozgl
10| 1 H
1 2 3 4 5
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM

Ms ~ 101°GeV
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM

2ol Mg ~ 106GeV
20 !
oy :
10| 1 o
] t = = log — !
, 27T g MZ :
1 2 3 4 5
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM

Ms ~ 101°GeV
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM d=6 BNV mediators
by 0 3 5
b3 3 gauge . ferm. 0 scal.
60,
| e

Ms ~ 101°GeV
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM +X + A d=6 BNV mediators

25 10 1,1
by | =—= | 243 +2[ 2 +3 :
1
b3 3+2 gauge - ferm. O—|—§ scal.

(3,2,-2)® h.c. (3,1, —1)

Ms ~ 101°GeV

Michal Malinsky, IPNP Prague Proton decay theory and predictions CERN, April 28 2015 |5/many



Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM +X + A d=6 BNV mediators

3 1
3p, e 2 (3
b = —— 5 + 2 2 + — =
b S\ 5 ) S\ 1
3 gauge ferm. 2 scal.

60

~
@

Ms ~ 101°GeV
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM +X + A d=6 BNV mediators

3 1
501 1 ° 1 [ 3
bo = —— +2 | 2 +-1 =
; 3 X 3\ 1
3 gauge ferm. 2 scal.
single gauge
60 coupling like in an
| ; tG  asymptotically free
507 ' : gauge theory with
| ! a simple gauge
0 : group
301 | Mg~ 10*GeV
20| :
10! :
i t = 5=log —
| 3 108 3 :
1 2 3 4 5
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM +X + A d=6 BNV mediators

3
501 11
b2 — —?
b3

601

50!

40|
30
201

10

D 2
5! +2\| 2
2

gauge

%
DD [ D | =

scal.

single gauge
coupling like in an
tG  asymptotically free
gauge theory with
a simple gauge
group

Ms ~ 101°GeV

this tells us
the BNV scale

and also the
gauge coupling
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Grand unification of the EVV & strong interactions



The minimal SU(5) 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).

Siah 2 =

f  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 borus: 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 intevactions are mediated
§ stant. Our hypotheses may be wrong and our £ by an oclet 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. 7 ing scalar-meson fields.” This insures that

e LT 6 2 TL3 gty B R A I ol

Uniqueness of SU(5) @ rank=4
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SU3). @ SU(2), @ U(1)y

12w (¢) (2)

(17 17+1) e’ e
1 u C
e ()0
(3,1,—%) € e
(3717—|—%) d° s¢
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUB3).@SU(2)L @U(1)y »  SU(H)

& (
Q.
wo
(V)
wo

u C
(3,2, 4+ %) ( ) ( ) 0 u§ —u§ u' d 0 ¢§ —c5 b st
° d 5 ( 0 uf u? d2\ ( 0 ¢ 2 32\
- 3 g3 3 3
(3,1, —%) € e 10 .. 0w d 0 ¢ s
0 e° 0 u
(?),1,4—%) d° s¢ \ ' O) \ ' O)
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SU3). @ SU(2), @ U(1)y >  SU(H)
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUB3).@SU(2)L @U(1)y »  SU(H)

& (
Q.
wo
(V)
wo

Uu C
(3,2, —I—l) ( ) ( ) 0 u§ —wu§ u' d 0 ¢§ —c5 b st
0 d 5 ( 0 uf wu? dQ\ ( 0 ¢ 2 32\
- 3 g3 3 3
(3,1, —%) 24C e 10 .. 0 w d 0 ¢ s
0 e 0 u
(?),1,4—%) d° s¢ \ ' O) \ ' O)
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SU3). @ SU(2), @ U(1)y >  SU(H)
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUBB).SU(2),@U((1l)y < SU(5)
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUBB).SU(2),@U((1l)y < SU(5)
Gauge sector: 24=(8,1,0)® (1,3,0)® (1,1,0)&(3,2, - 3) & (3,2, +7)
ARY
Z Z
G o W=.,2,v G AM BH XK
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUBB).SU(2),@U((1l)y < SU(5)
Gauge sector: 24=(8,1,0)® (1,3,0)® (1,1,0)&(3,2, - 3) & (3,2, +7)
AH .
H Z
“ BH N G* A* B* XH /
1=

Scalar sector:  SU3).®SU2), @ U(1)y — SU(3). @ U(1)o ; \] O

SM Higgs: 5= (1,§,+%) ® (3,1, —%) u

H A
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUBB).SU(2),@U((1l)y < SU(5)
Gauge sector: 24=(8,1,0)® (1,3,0)® (1,1,0)&(3,2, - 3) & (3,2, +7)
ARY
Z Z
G o W=.,2,v G AM BH XK

Scalar sector:  SU3).®SU2), @ U(1)y — SU(3). @ U(1)o ’ [ : x

SM Higgs: 5= (1’§’_|_%) D (3,1, _%) / u
A T
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)

SUBB).SU(2),@U((1l)y < SU(5)
Gauge sector: 24=(8,1,0)® (1,3,0)® (1,1,0)&(3,2, - 3) & (3,2, +7)
ARY
Z Z
G o W=.,2,v G AM BH XK

Scalar sector:  SU3).®SU2), @ U(1)y — SU(3). @ U(1)o ’ { : x

SM Higgs: 5= (1’§’_|_%) D (3,1, _%) / u
A T

GUT-breaking scalars: SU(5) — SU(3). @ SU(2), @ U(1)y
24 =(1,1,0) & (8,1,0) & (1,3,0)® (3,2, —3) & (3,2,+2)
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GUT proton lifetime estimates



Expected near(?) future sentsitivity improvements

Hyper-K p-decay sensitivity projection

1036:““

-
o
W
a
-
o
w
a

iy

o
w
=Y

Lifetime limit 90%CL (years)
=
R

Lifetime limit 90%CL (years)

10 ‘ 10
201 5 2020 2025 2030 2035 2040 201 5 2020 2025 2030 2035 2040

Year Year

Abe et al., arXiv:1109.3262 [hep-ex], see also the talk of Yokoyama-san
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Expected near(?) future sentsitivity improvements

Hyper-K p-decay sensitivity projection

10% —— 1036 ——

» v

8 &

>10% >10%

.| |

(&) (&)
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(=} o

(<2} »
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E 10 £ 10

o o

i L e 5

o®_ o®_
2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040

Year Year

Abe et al., arXiv:1109.3262 [hep-ex], see also the talk of Yokoyama-san

Accuracy of a factor of few in [, estimates needed to make a case !
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Expected near(?) future sentsitivity improvements

Hyper-K p-decay sensitivity projection

10% —— 1036 ——
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o
w
B
-
o
w
B

Lifetime limit 90%CL (years)
Lifetime limit 90%CL (years)

10 ‘ 10
201 5 2020 2025 2030 2035 2040 201 5 2020 2025 2030 2035 2040

Year Year

Abe et al., arXiv:1109.3262 [hep-ex], see also the talk of Yokoyama-san

Accuracy of a factor of few in [, estimates needed to make a case !
(At least) NLO PRECISION REQUIRED
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Proton lifetime estimates in GUTs

Now [I'll focus solely on the BNV theory accuracy...

side
jow-en
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Proton lifetime estimates in GUTs

SU(5) 1] B
SUG)+L5 [2] pT —7e”
SU(5)+15 [3] N B
SU(5)+45 [4] I
SO(10)  [5 .
SU(5) 6] I
SU(5) 71
SO(10) [6] pt— Kty N
SO(10) 8] R

lifetime [years]: 1028 1032 103° 1040

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

DLW N =
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Proton lifetime estimates in GUTs

sus) [ I
SUGB)+5 [2]  » el —
SUG)+15 [3 T
SU5)+45 [4] o
SO(10)  [5 I
SU(S) 6 current limits
SU(5) 7
SO(10)  [6] p" ATy N
SO(10) 8] N

lifetime [years]: 1028 1032 1036 1040

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

DLW N =
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Main theoretical uncertainties in p-decay estimates

GUT scale determination

- at least two=loop running necessary!

=3 i
49:" \:]ﬂ'o

48

o ::f"; |

46+ E E Credit: H. Kolesova
: Mg !

45| 0-31 E‘ ’E
| log,uIGeV]

44 ) ) PR ST Y 1 Y |SSSS (UL (R (S LSS L ) 1 N \ . J

16.4 16.6 16.8 17.0 17.2 17.4

- requires a very good understanding of the whole spectrum

NB. SUSY is “schizophrenic” in this respect...
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Main theoretical uncertainties in p-decay estimates

Flavour structure of the BLV currents

92

M6

Example:

Cijeueyd; dsyuvi Cijr = (ViVa)ji(VEVo )1

- RH rotations enter here

- simple Yukawa sector desirable!

Michal Malinsky, IPNP Prague Proton decay theory and predictions CERN, April 28 2015 26 /many



Main theoretical uncertainties in p-decay estimates

Hadronic matrix elements

Matrix element Wo(p = 2GeV) GeV? (%) Total error
(7°|(ud)ruclp) —0.103 (23) (34) 10 84

(°|(ud)Lurlp) 0.133 (29) (28) 30
(m|(ud) rdL|p) —0.146 (33) (48) 40
(m+|(ud)dr|p) 0.188 (41) (40) 30
(K°|(us)rurlp) 0.098 (15) (12) 20
(K°|(us)Lurlp) 0.042 (13) (8) 36
(K™ |(us)rdL|p) —0.054 (11) (9) 26
(K |(us)Ldrlp) 0.036 (12) (7) 39
(K*|(ud)rs|p) —0.093 (24) (18) 32
(K+|(ud)Lszlp) 0.111 (22) (16) 25
(K*|(ds)ruc|p) —0.044 (12) (5) 30
(K™*|(ds)Lur|p) —0.076 (14) (9) 22
(nl(ud)ru|p) 0.015 (14) (17) 147
(nl(ud)Lurlp) 0.088 (21) (16) 30

Y.Aoki, E. Shintani,A. Soni, Phys.Rev. D89 (2014) 014505 (lattice)
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Main theoretical uncertainties in p-decay estimates

Planck scale effects

e %FW(@FW

- finite shifts in the gauge matching, can be as large as Aozi_l ~ 1

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

Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
G. Dvali, Fortsch. Phys. 58 (2010) 528-536
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Main theoretical uncertainties in p-decay estimates

Planck scale effects

d
K P
__ KV < > 9
L3 A FH(®)F,, s
. . . . —1
- finite shifts in the gauge matching, can be as large as Aa; = ~ 1
49 Larsen, Wilczek, NPB 458, 249 (1996)
: G.Veneziano, |HEP 06 (2002) 051
48" Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
' G. Dvali, Fortsch. Phys. 58 (2010) 528-536
[ 1 e
46| 5 :
-1 E MG :
: i log,;ulGeV]
44 ) ) ) [ T Y v ] LAY ! (Y] (S [ L . 1 h . ) J

16.4 16.6 16.8 17.0 17.2 17.4
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Main theoretical uncertainties in p-decay estimates

Planck scale effects

e %FW(@FW

- finite shifts in the gauge matching, can be as large as Aozi_l ~ 1

49 Larsen,Wilczek, NPB 458, 249 (1996)

: G.Veneziano, |HEP 06 (2002) 051
Calmet, Hsu, Reeb, PRD 77, 125015 (2008)
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

log,d'u[GeV]
16.4 16.6 16.8 17.0 17.2 17.4

Michal Malinsky, IPNP Prague Proton decay theory and predictions CERN, April 28 2015 28 /many



Main theoretical uncertainties in p-decay estimates

Planck scale effects

e %FW(@FW

- finite shifts in the gauge matching, can be as large as Aozi_l ~ 1

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

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

4
16.4 16.6 16.8 17.0 172 17.4

NO POINT IN WORKING @ NLO WITHOUT TAMING THESE!
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VVhat to do about the Planck-scale effects (in matching)?

L3 %F“”(@)Fw

- absent @ d=5 if,e.g., P isnotin (Adj. ® Adj-)sym
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VVhat to do about the Planck-scale effects (in matching)?

L3 %F“”(@)Fw

- absent @ d=5 if,e.g., P isnotin (Adj. ® Adj-)sym

SU(5) GUTs:
(24 @ 24) 5ym = 24 ® 75 ® 200

not many options - the rank should not get reduced...
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VVhat to do about the Planck-scale effects (in matching)?

L3 %FW@)FW

- absent @ d=5 if,e.g., P isnotin (Adj. ® Adj-)sym

SU(5) GUTs:
(24 @ 24) 5ym = 24 ® 75 ® 200

not many options - the rank should not get reduced...

SO(10) GUTs:
(45 @ 45) 5ym = 54 & 210 & 770

these, however, are the “usual” choices (though not minimal)...
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Minimal SO(10) GUT



The minimal SO(10) unification

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) 19 of
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The minimal SO(10) unification

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

4’@ (16} (1,2,4)

Mg =
224p % S
{45} (1,1,15)_

SO (10) e > G
{54} (LLN+
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The minimal SO(10) unification

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

4’@ (16} (1,2,4)

Mg =
224p % S
{45} (1,1,15)_

SO (10) e > G
{54} (LLN+
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Taming the Planck-scale effects in the minimal SO(10)

The leading Planck-scale effects absent in SO(10) GUTs broken by 45!

e %F“”(%}Fw — 0
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The minimal SO(10) unification

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
A 2 A s * * ; * , = iikim * T *
+ @(22*)0(22*)0 -+ ﬁ(zz )2(22 )2 (22 )4 (EE )4 2]“ Ezjknozpq l qurmo
A4 . i )\fl " " (22)2(22)2 = Yijkim Zijkin Xopgrm2opgrn
+ S (N a4 b 35 34 D7 03 338 D,
(3!)2(2!)2( AET)a (3!)2( e (9)2(ZZ%)2 = 84 Zkimni Zkimng
772 n* * * * *
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
! f
® * ’ Vo = dij mnoi E:nno'
+ P GO+ 56000 (B2 SRR = ensR S

(¢¢)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) unincation

“Ruled out” in 1980’s

m%&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
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“Ruled out” in 1980’s

m%&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

Aaarrrggh... tachyonic spectrum unless 1 < |wy /wg| < 2
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The minimal SO(10) unincation

“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

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

<45> X To

|
S
>.<

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

“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
Aaarrrggh... tachyonic spectrum unless ; < |wy /wg| < 2

0 0

) %\l

(45) : Wy ® Ty N
WR &
\ wr ) %

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

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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Conclusions / outlook

It>s almost impossible to calculate the proton lifetime
accurately enough to make a clear case...

The long-ago cursed (but recently resurrected)
SO(10) GUT broken by the adjoint scalar is the best hope.
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Thanks for your kind attention!
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The minimal consistent SO(10) unification

“Consistency is the last refuge
of people without imagination”

Oscar Wilde
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The minimal consistent SO(10) unification

Chang, Mohapatra, Gipson, Marshak, Parida (1985) “Consistency is the last refuge
Deshpande, Keith, Pal (1993) of people without imagination”

Bertolini, Di Luzio, MM (2009) o Wild
scar Wilde

Simple estimates: Meesaw ~ 10'° GeV' => too heavy LH neutrinos!?

multiple Yukawa finetuning?

Michal Malinsky, IPNP Prague Proton decay theory and predictions CERN, April 28 2015 39 /many



The minimal consistent SO(10) unification

Chang, Mohapatra, Gipson, Marshak, Parida (1985) “Consistency is the last refuge
Deshpande, Keith, Pal (1993) of people without imagination”

Bertolini, Di Luzio, MM (2009) o Wild
scar Wilde

Simple estimates: Meesaw ~ 10'° GeV' => too heavy LH neutrinos!?

multiple Yukawa finetuning?

Enough to make the fine-tunning (if you like) elsewhere.

Michal Malinsky, IPNP Prague Proton decay theory and predictions CERN, April 28 2015 39 /many



The minimal consistent SO(10) unification

Chang, Mohapatra, Gipson, Marshak, Parida (1985) “Consistency is the last refuge
Deshpande, Keith, Pal (1993) of people without imagination”

Bertolini, Di Luzio, MM (2009) o Wild
scar Wilde

Simple estimates: Meesaw ~ 10'° GeV' => too heavy LH neutrinos!?

multiple Yukawa finetuning?

Enough to make the fine-tunning (if you like) elsewhere.

Two other potentially realistic minimally fine-tuned
& consistent scenarios with “light” scalars:

(8,2, +2) (6,3,+3)

Bertolini, Di Luzio, MM, PRD85 095014 2012
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Towards a consistent & potentially realistic SO(10) scenario

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

Michal Malinsky, IPNP Prague Proton decay theory and predictions CERN, April 28 2015 40 /many



Towards a consistent & potentially realistic SO(10) scenario

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

Hyper-K 2040 [l 7 =20 x 10"y
B 7 > 9.0 x10%y

75218 %10y

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

103 104 100 106 107 108 102 1010 qpol!
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Towards a consistent & potentially realistic SO(10) scenario

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

Hyper-K 2040 [l = =20 x 10™y
B 7 > 9.0 x10%y

75218 %10y

A sharp edge!
/ > g

1016 -

M(8,2,+3) [GeV]
1015 Lol [ R | R AR [ R Lot Lo R
103 104 100 106 107 108 102 1010 qpol!

The octet should be light!!!
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Towards a consistent & potentially realistic SO(10) scenario

Case I: light (8,2, +1) @ LO Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)

Hyper-K 2040 [l = =20 x 10™y
oY B 7 > 9.0 x 10%y

75213 %10y

wr|[GeV]

=AY -
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Towards a consistent & potentially realistic SO(10) scenario

Case I: light (8,2, +1) @ LO Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)

Hyper-K 2040 [l = =20 x 10™y
oY B 7 > 9.0 x 10%y

75213 %10y

wr|[GeV]

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

Case I: light (8,2, +1) @ NLO

1017

: Bertolini, Di Luzio, MM, PRD 85, 095014 (2012)
- wr|[GeV]

Hyper-K 2040 [l 7 = 20 x 107y

B >90x10%y

T L3i% 107y

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, +1) @ NLO

7 Bertolini, Di Luzio, MM, PRD 85, 095014 (2012
10 . wr[GeV] (2012)

Hyper-K 2040 [l 7 = 20 x 107y
B >90x10%y

75> 13 % 10% y

DI the naive one-loop
el upper bound
A e emmmmmm—————— ~::;  reduced by 3 o.0.m. !
I 1 1
M(8,2,+3)[GeV]

102 103 104 107 106 107 108 10? 1010
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Towards a consistent & potentially realistic SO(10) scenario

Case I: light (8,2, +1) @ NLO

1017 Bertolini, Di Luzio, MM, PRD 85,095014 (2012)

Hyper-K 2040 [l 7 = 20 x 107y
- Tp = 9.0 X 1034y

| 7 2 13510y

g -.. the naive one-loop
1016 » PR upper bound
_________ edeeacececeeeaae-n--22t  reduced by 3 0.0.m. !
—
M(8,2,+3)[GeV]

AL

106 107 108 10? 1010
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Towards a consistent & potentially realistic SO(10) scenario

Case II: light (6,3, +1)@ NLO H. Kole3ova, MM, PRD 90, 1 15001 (2014)

wg [GeV]
1x10" 7 > 20 x 10%y

B 7 > 9.0 x10%y

5% 1016} 34
| = 1.3 X107y OQ

2 x 1016}

1 x 101}

5 % 1015/
- M(6,3,+1/3)[GeV]
T T L
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Towards a consistent & potentially realistic SO(10) scenario

Case II: light (6,3, +1)@ NLO H. Kole3ova, MM, PRD 90, 1 15001 (2014)

wg [GeV]
1x10" 7 > 20 x 10%y

B 7 > 9.0 x10%y

5% 1016: 7, > 1.3 x 103y R
O .
\ ¢
2 x 1016}
~ seesaw scale > 10'2GeV
1 x 101}
: e seesaw scale > 10!3 GeV
5x 1015t
' M(6,3,+1/3)[GeV]
T T T
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