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Outlook

SM B & L violation
BSM perturbative L violation
- Dirac neutrinos and charge de-quantization in SM

BSM perturbative B violation
- proton decay and grand unification

40 years of Grand unification

NLO proton lifetime estimates
- the uniqueness of the minimal non-SUSY SO(10) GUT
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Non-perturbative B & L violation in SM



B & L violation in the Standard model

Expected at some point...

1

Chiral malies:
iral anomalies A x 393

Tr ({T,, T,}7T) Flj”,/FbW
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B & L violation in the Standard model

Expected at some point...

1

Chiral malies:
iral anomalies A x 393

Tr ({T,, T,}7T) Flj”,/FbW

Tr({Y,Y}L) = Tr({Y,Y}B) = =3 Tr ({T}, T7}L) = Tr ({T7, T2} B) = 3

"7 =0 o"J 7T £ 0
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B & L violation in the Standard model

B+L non-conservation: B+ L =i [ d%z J} [ (z)

A(B —+ L) — Nf(ANCS — Ancs)

Chern-Simons numbers:

Ncosg = 5 / d3z 2¢YF Ty [8 A A + i ng A Ay
167r 3
g% 3, _ijk
_ ijk 5 1.
NCS 62 / d ze” 0, B; By,
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B & L violation in the Standard model

Vacuum structure of non-abelian gauge theories

F* =0 (pure gauge configurations) A* = Uo*(U') U ¢ SU(2)

Era] M

m3[SU(2)] = Z |

S | T : T T
-2 -1 1 2 3

N g[A]

Winding number of SU(2) transformations (pure-gauge)

o B 3 . —1(5. = —1| _ijk
n=c- / e T [(BU)U @U)U (BU)U ]
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B & L violation in the Standard model

Tunneling between minima with different n’s: instantons

A(B+ L) x Ny x An

“Instanton effects” in the SM

9g+3l— (0 “He—etuto,
Rates heavily suppressed...

A -~ 6—27T/Oéw -~ 10—80
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B & L violation in the Standard model

Tunneling between minima with different n’s: instantons

A(B+ L) x Ny x An

“Instanton effects” in the SM

9g+3l— (0 “He—etuto,
Rates heavily suppressed...

A -~ 6—27T/Oéw -~ 10—80

Thermal instantons = sphalerons

Fast thermal transitions
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Perturbative L violation

in the SM with massive neutrinos



Standard model with massive neutrinos

charge quantization

and
neutrino masses

(‘imply”

perturbative L violation
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(Hyper)charge quantization in the Standard model

1
3272

SU(3) x SU(2) x U(l) gauge anomalies A x Tr ({T,, Ty} T.) ngpbuv
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(Hyper)charge quantization in the Standard model

1
3272

SU(3) x SU(2) x U(l) gauge anomalies A x Tr ({T,, Ty} T.) ngpbuv

SU(2)2 U(1): 6 +2V5 = 0

U(I1)3: 12Yy +4Y}P — 6Y — 6Y — 2V} =0
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(Hyper)charge quantization in the Standard model

SUE) x SU(2) x U(1) gauge anomalies  Ac ox o Tr ({Ta, T} T.) Eg, FH

SU(2)* U(1): 6Yy + 27, =0

U(I1)3: 12Yy +4Y}P — 6Y — 6Y — 2V} =0

Yukawas:  Yp,;Qr,(H)Dr;+Yr;Qr,(H)Ur; +Yr;Lr;(H)ER;

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
—YQ—I—YU—YH:O
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(Hyper)charge quantization in the Standard model

SU@) x SU(2) x U(1) gauge anomalies A, & ——Tr ({T,, T,}T) B2, Fo

3272
SU(2)* U(1): 6Yy + 27, =0
U(I1)3: 12Yy +4Y}P — 6Y — 6Y — 2V} =0

Yukawas:  Yp,;Qr;(H)Dg;+Yy;Qr,(HYUg; +Yg; Lr;(H)Er,

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
—Yo+Yy —Yg =0

Solution: |Yg = —|—% Yy = -|-% Yp = —
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(Hyper)charge quantization in the Standard model

SU@) x SU(2) x U(1) gauge anomalies A, & ——Tr ({T,, T,}T) B2, Fo

3272
Assume Dirac neutrinos: Ngi = (1,1,Yy)
SU(2)* U(1): 6Yy + 27, =0
U(I1)3: 12Yy +4Y}P — 6Y — 6Y — 2V} =0

Yukawas:  Yp,;Qr;(H)Dg;+Yy;Qr,(HYUg; +Yg; Lr;(H)Er,

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
—Yo+Yy —Yg =0

Solution: |Yy = +32 LYy =+2 Yp = —
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(Hyper)charge quantization in the Standard model

SUE) x SU(2) x U(1) gauge anomalies  Ac ox o Tr ({Ta, T} T.) Eg, FH

Assume Dirac neutrinos: Ngi = (1,1,Yy)

SU(2)* U(1): 6Yy + 27, =0

U(I1)3: 12Y5 +4Y7 — 6Y; — 6Yp — 2V —2Yy =0

Yukawas:  Yp,;Qr;(H)Dg;+Yy;Qr,(HYUg; +Yg; Lr;(H)Er,

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
—YQ—I—YU—YHZO

Solution: |Yy = +32 LYy =+2 Yp = —
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(Hyper)charge quantization in the Standard model

SUE) x SU(2) x U(1) gauge anomalies  Ac ox o Tr ({Ta, T} T.) Eg, FH

Assume Dirac neutrinos: Ngi = (1,1,Yy)

SU(2)* U(1): 6Yy + 27, =0

U(I1)3: 12Y5 +4Y7 — 6Y; — 6Yp — 2V —2Yy =0

Yukawas: Ypij@i<H>DRj —I—YUij@i <I:—I>UR3‘ ‘|‘YEz‘jL_Lz' <H>ERj +YNijL_L’i <I:I>NRJ

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
—YQ—I—YU—YHZO —Yr +Yny — Yy =0
. . - 1 | o 2 - 1 |
Solution: |Yg = +3 Yo =+3 ,Yp=—1 |
YL—_% P Y =—1
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(Hyper)charge quantization in the Standard model

SUE) x SU(2) x U(1) gauge anomalies  Ac ox o Tr ({Ta, T} T.) Eg, FH

Assume Dirac neutrinos: Ngi = (1,1,Yy)

SU(2)* U(1): 6Yy + 27, =0

U(I1)3: 12Y5 +4Y7 — 6Y; — 6Yp — 2V —2Yy =0

Yukawas: Ypij@i<H>DRj —I—YUij@i <I:—I>UR3‘ ‘|‘YEz‘jL_Lz' <H>ERj +YNijL_L’i <I:I>NRJ

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
—YQ—I—YU—YHZO —Yr +Yny — Yy =0

Solution: |Yg = +¢ —sYn, Yy =+2 —3Yn, Yp = —3 —2Yy,

Y, =—14Yn, Yg=—-14Yy Yy €R
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A simpler symmetry argument

B and L anomalies & RH neutrino

T{Y.Y}B— L) = 0, Te({T}, T{}(B — L)) = 0,
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A simpler symmetry argument

B and L anomalies & RH neutrino

(V.Y }(B ~ 1) =0 T(TL T B L) =0, ~~

Tr(B—-L)°=0

B - L can be gauged !
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A simpler symmetry argument

B and L anomalies & RH neutrino

(V.Y }(B ~ 1) =0 T(TL T B L) =0, ~~

Tr(B—-L)°=0

B - L can be gauged !

|
|
=

fuzzy hypercharge Y — Y +¢(B — L) €
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A simpler symmetry argument

B and L anomalies & RH neutrino

(V.Y }(B ~ 1) =0 T(TL T B L) =0, ~~

Tr(B—-L)°=0

B - L can be gauged !

fuzzy hypercharge Y — Y +¢(B — L) e=—YN

Babu, Mohapatra, Phys.Rev. D41 (1990) 27|

Experimentally (neutron neutrality): || < 102 Foot, Lew,Volkas 1993
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SM with massive neutrinos and quantized charges

Neutrinos are better not Dirac!

—I—%MRf,;j ]%Z.NR]' -+ h.C.

E. Majorana 1937

Majorana mass = perturbative L violation

P. Minkowski, Phys. Lett. B67,421 (1977)
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Lepton number violation in oscillations

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429

The first approach to neutrino oscillations was “L-violating™!

NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962 Lederman, Schwarz, Steinberger
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Lepton number violation in oscillations

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429

The first approach to neutrino oscillations was “L-violating™!

NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591
NB Muon neutrinos only in1962 Lederman, Schwarz, Steinberger
Diagrammatics: see e.g. E.Akhmedov, ]. Kopp, JHEP 1004 (2010) 008
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Lepton number violation in oscillations

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429

The first approach to neutrino oscillations was “L-violating™!

NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591
NB Muon neutrinos only in1962 Lederman, Schwarz, Steinberger
Diagrammatics: see e.g. E.Akhmedov, ]. Kopp, JHEP 1004 (2010) 008
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Lepton number violation in oscillations

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429

The first approach to neutrino oscillations was “L-violating™!

NB Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591
NB Muon neutrinos only in1962 Lederman, Schwarz, Steinberger
Diagrammatics: see e.g. E.Akhmedov, ]. Kopp, JHEP 1004 (2010) 008

Suppressed...

see e.g. Z-z. Xing, arXiv:1301.7654v2
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LNV in the SM at d=5 level

LLHH
Weinberg’s d=5 operator L > A S.Weinberg, PRL43, 1566 (1979)
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LNV in the SM at d=5 level

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

A ~ (10'? — 10'*) GeV
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LNV in the SM 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!
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LNV in the SM 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” :-)
(If you prefer ABEHGHKWY you rather read “HIGGS”...)
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Perturbative B violation

in gauge extensions of the SM



SM as an effective theory at d=6 level

X3 oS and @iD? b2
Qa | fEPGEGE | Q, (efp)? Qe (') (lperep)

g | FABCGIGEGS: | Qun | (Plo)D(ele) | Que | (¢10)(@ud)
Qw | KWW PWEr || Qup | (¢'D*0)” (¢! Dup) || Qup (0'0)(Gpdrp)
Q= STTK WJVWI;IpW;{p.

XZ(pZ ,¢2X © ¢2 (p2D

Qo | #0GAG™ | Qur | (hoer oW}, | QU | (#1iDue)brt)
Qe | #lwGAGH | Q| (Lo*e)pBu | QY (so”zD ©)(lpTIH1,)
Qow | SeWLW™ | Que | (@0™T*u)3GL, | Que | (¢'iD,0)(E e)
Qi | CoWLW™ | Quw | @o™u)r'gWL | Q% | (#'iD,0)@*e)
Qs | #0BuB* | Qus | (Go"u)3Bu | @ | (¢'iD} )@ ve)
Q.5 oto B,,B* Qic | (o' T4d)p Gy, || Qeu | (P Bu ) (Upy ur)
Quws | 'TloWI,B* | Qaw | (Gpo*d.)T o W] Qpd (901‘2’3” ) (dpyyd.)
Qs | PTeWLB" | Q| (39"d)¢Bu | Qeua | i@ Dup)(@p*d:)

Michal Malinsky, Charles U. Prague

B. Grzadkowski et al.,

Status and prospects of GUTs

IFIC, October 28 2014

JHEP 10 (2010) 085, arXiv: 1008.4884
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SM as an effective theory at d=6 level

(LL)(LL) (RR)(RR) (LL)(RR)
Qu Ly yulr) Tsy*1:) Qee (Epyuer) (€57 es) Qe (Lpvulr) (Bsy*er)

L (Tp7:4-) (57" :) Quu (Upypur ) (TsYHus) Qiu (LpYulr) (Tsy )

) (@Y™ ) (@77 q:) || Qua (dy,d,) (dsy dy) Qud (Lyy,ulr) (dsyHdy)
Q7 | Grb)@re) | Qu | @Eue)@ruw) | Qe | (@) @)
QY | )@ 'q) | Qed (Epyuer) (dsy*dy) . (@ 7ugr) (Tsy ut)

QW | @maw)dard) | QR | @WT4e) @y T )
QY | @ TAw) ([ TAd) | Q%) | (@vuar) (o dy)
Qt(:l) (('jp'y“TAqr) (Js'Y”TAdt)
(LR)(RL) and (LR)(LR) B-violating
Qtedg (Ber)(dsa?) Quug ey, [(dg)" Cul] [(2)" CIE]
Qpaa | @u)en@d) | Quan e [(g57)T Caf¥] [(u))" Cel]
Qiona | (@T4u)esn(@TAds) || Qlay £%e juEmn [(929)7Caf¥] [(q™)TCIL]
Qleve | (Ber)eju(@huy) - e(71€) 1 (T1€)mn [(¢2)TCf¥] (7™ T Cly]
Qz(f(),u (l_gam,er)gjk(qf " ut) || Quuu e [(df,‘)TCuf] [(uZ)TCet]

B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884

Michal Malinsky, Charles U. Prague
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SM as an effective theory at d=6 level

(LL)Y(LL) (RR)(RR) (LL)(RR)
Qu | Grd)Erl) || Qe | Eme)@re) || Qe | (vl (Erter)
& (T8 )(@s7*4:) )9 (Tpy,uur) (s Y us) Quu (Lyyulr) (Tsy us)
D | @re) @ Te) | Qu | [Gmud)drtd) || Qu | (vl (o)
QY | Gm)@7re) | Qu | Ewe)@ru) || Qe | (@)@ er)
QY | )@ m'w) | Qe | (Evuer)(div dy) W | (@) @y uy)
QW | (Gyvuur)(dey ds) Q| @7T ) @y TAu,)
QY | @ T4 )@y TAds) | QY | (@ vuar)(div*dy)
QY | (@7uT4e) (dsy*T4dy)
(LR)(RL) and (LR)(LR) B-violating
Qledg (Ber) (dsql) Qdug e"e [(d2)TCul] [(¢F)T Clf]
Qg | (@unein(@dy) | Qugu ek [(g59)TCqP*) [(ul)T Ce,]
QY | (@Tu,)ejn(TTAdy) || Qb e°PVe juEmn [(429)TCeP¥] [(g7™)TCLY]
Qu. | (Heesu(@u) . e (7€) i (71€)mn [(g37) T Cf¥] [(7™)7Cl7]
Quor, | Bouwe)ein(@ o™ u) || Quna e2P7 [(d2)TCuf] [(wd)7Ce)

B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884
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d=6 baryon number violation mediators

Example: (ds Cugr)(Qt C Ly)
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d=6 baryon number violation mediators

Example: (ds Cugr)(Qt C Ly)
Scalar exchange
(3,1,—3)® (3,1, +3)
A
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d=6 baryon number violation mediators

Fierz

Example: (dj Cur)(QL C Lr) ! (ur)VuQ|l(dr) VL]

Scalar exchange
(37 17 _%) D (37 17 _l_%)
A
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d=6 baryon number violation mediators

Fierz

Example: (dj Cur)(QL C Lr) ! (ur)VuQ|l(dr) VL]

Scalar exchange Vector exchange
(3717_%)69(3717_'_%) (3727_%)@(3727_'_%)
A XH
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d=6 baryon number violation mediators

Fierz

Example: (dj Cur)(QL C Lr) ! (ur)VuQ|l(dr) VL]

Scalar exchange Vector exchange
(3,1,—2) @ (3,1, +3) (3,2,-2)® (3,2, +2)
A XH
m?
Proton instability: T, ~ MZ < (10°%y) ™1
new Yukawa interactions? new gauge interactions?
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d=6 baryon number violation mediators

Fierz

Example: (dj Cur)(QL C Lr) ! (ur)VuQ|l(dr) VL]

Scalar exchange Vector exchange
(3,1,—2) @ (3,1, +3) (3,2,-2)® (3,2, +2)
A XH
m?
Proton instability: T, ~ MZ < (10°%y) ™1
new Yukawa interactions? new gauge interactions?

Such a new physics should be above 10'> GeV !??

Michal Malinsky, Charles U. Prague Status and prospects of GUTs IFIC, October 28 2014



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

Running gauge couplings in the SM

D. Gross, FWilczek, D. Politzer 1973
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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

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

25 10

b1 11 0+ 5

b3 3+2 2
gauge ferm.

(3,2,—3) ® h.c. (3,1,—%)

| =
7
- N[
+ ol 4
] o=
N~
V)
o
2,

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

3

501 11 2 1

b = —— 5 + 2 2 + —

b 3\ 5 ) :
3 gauge ferm.

60

&y

DD [ D | =
W
(@)
S
S~

~
@

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

3 1
=b1 11 5 2 1 [ 3
b = —— 5 + 2 2 + =
; 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 — .
’ 27 S 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 +X + A

3 1

=b1 11 D 2 1 :

b = —— 5 + 2 2 + =

A 3 9 3 7
3 gauge ferm. 2 scal.

single gauge
60 coupling like in an
| ; tG  asymptotically free

50| ]

gauge theory with

| a simple gauge
40|

E group

301 | Mg~ 10*GeV
20 | E tells us the

5 : BNV scale and
10} :

1 t = 5-log —| also the gauge

M :
L B coupling
1 2 3 4 5
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Grand unification



Grand Unification

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

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

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

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

Theories of the d=6 BNV operators in the SM...

...and other stuff: magnetic monopoles, charge quantization, LNV etc.
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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, Cambvridge, Massachusetts 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 sfrong interactions ave mediated
stant. Our hypotheses may be wrong and our by an octet of neutval vectoy 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

What Georgi and Glashow showed was the 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

(1,2,—%)

(17 17+1) e’ e

1 u C
()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)
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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
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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)

XH
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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)
Gauge sector: 24=(8,1,0)® (1,3,0)® (1,1,0)&(3,2, - 3) & (3,2, +7)
A
iz A M
G . W=, Z,v GH AH B X
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Gauge sector: 24=(8,1,0)® (1,3,0)® (1,1,0)&(3,2, - 3) & (3,2, +7)
A
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G . W=, Z,v GH AH B X

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

SM HIggS 5: (17§7+%)@(3717_%)
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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)
Gauge sector: 24=(8,1,0)® (1,3,0)® (1,1,0)&(3,2, - 3) & (3,2, +7)
A
p A M
G . W=, Z,v GH AH B X

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

SM HIggS 5: (1,?,%—%)@(3,1,-%)

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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Grand Unifications
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Grand Unifications
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Grand Unifications

lifetimes enormous => need for large detectors

i.e., water Cherenkoy,

# of works @ inSPIRE liquid scintilators,

: L nowadays liquid argon...
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Proton decay in water

“Golden channel”: p — mle™ Pri = Pe = 459 MeV
7TO — 2/7 Pv/n(resty = 68 MeV

gamma

Positron

" Proton

gamma
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0 — —
“Golden channel”: p— mle™ D = Pe = 459 MeV
py/r[(rest) —_ 68 |V|eV
gamma
Positron 20
Proton
gamma
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Proton decay in water

“Silver channel”: p — KTv Pk = 340 MeV
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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=20.7% v
v A u
oo @< T UWEAN
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*+ 10 [Br=20.7% v
\% mw
- -0 \ > -
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
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Grand Unifications

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

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

The era of IMB gince 1982y & Kamiokande since 1983)
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— 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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Failure of the GG model
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Failure of the GG model

Normalization: Tr{7,,T;} = %5ab
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Failure of the GG model

Normalization: Tr{7,,T;} = %5ab

Wl

this sets the initial condition _ 3 +
for the U(1) coupling
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Failure of the GG model

ON GRAND UNIFICATION

Editor:
Paul H. Frampton

University of North Carolina at Chapel Hill
April 20-22, 1989

World Scientific
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SUSY frenzy

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

The era of IMB gince 1982y & Kamiokande since 1983)
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LEP precision data support MSSM-like unification IZ{> interest in SUSY GUTs
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GUTs & TeV-scale supersymmetry...

Running gauge couplings in the SM +X + A

60
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GUTs & TeV-scale supersymmetry...

Running gauge couplings in the SM +X + A and aTeV-scale supersymmetry
+ gauginos
+ higgsinos

601 + squarks and sleptons
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GUTs & TeV-scale supersymmetry...

Running gauge couplings in the SM +X + A and aTeV-scale supersymmetry

+ gauginos
+ higgsinos
60 This looks rather attractive... + squarks and sleptons
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First reliable calculations...
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GUTs & TeV-scale supersymmetry...

Running gauge couplings in the SM +X + A and aTeV-scale supersymmetry

+ gauginos
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First reliable calculations... SUSY GG SU(5) model in trouble
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d=5 proton decay

The era of IMB 3 (beg.of 19905) & Super-K since 19%)
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First reliable calculations... SUSY GG SU(5) model in trouble
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Neutrino data

SU Pe - K (since 1996)
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Super-K (2009)

neutrino masses and mixing constraints
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Neutrino data

future: Hyper-Kamiokande(?), LBNE (?)
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Future megaton-scale facilities

Hyper-Kamiokande in 2025 (2)
Abe et al., arXiv:1109.3262 [hep-ex]
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Future megaton-scale facilities

Hyper-Kamiokande in 2025 (2)
Abe et al., arXiv:1109.3262 [hep-ex]
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Proton lifetime estimates in GUTs



Proton lifetime estimates in GUTs

SU(5) 1] R 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

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

p+ . 7TO€+

LS

SU(5) current limits

SU(S)
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.
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Main theoretical uncertainties

GUT scale determination

- at least two loops needed to make the case!

- requires a very good understanding of the whole spectrum
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Main theoretical uncertainties

GUT scale determination

- at least two loops needed to make the case!

- requires a very good understanding of the whole spectrum

BTW: no way in SUSY... \3
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My very personal (& perhaps extreme)
view of the hierarchy issue



“The Higgs mass suffers from large radiative corrections!”

The standard (wrong) argument:
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“The Higgs mass suffers from large radiative corrections!”

The standard (wrong) argument:

h h
I'pp € mmmmecceeeeeaa n? —m%{
l".\
1
ho S ko L
SRSV, S SRSy 167T2M§ (CUv—l—I—logu—QS)
h RSN h 1 1 2 2
___________ 2 . Mé—x(1—x)p
‘|‘ (‘.S')- 167T2’U (CUV /delog — 02 )
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“The Higgs mass suffers from large radiative corrections!”

The standard (wrong) argument:

h h
I'pp € mmmmecceeeeeaa n? —m%{
l".\
1
ho S ko L
SRSV, S SRSy 167T2M§ (CUv—l—I—logu—QS)
h RSN h 1 1 2 2
___________ 2 . M —x(1—x)p
‘|‘ (‘.S')- 167T2v (CUV /Odaslog — 02 )

For large M3 the root shifts enormously...

1
1672

so the tree-level mass must be carefully readjusted order by order...

m%{—>m?—{—|—

Mé(l—logﬂj—;)—l—...

The “hierarchy problem”
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“The Higgs mass suffers from large radiative corrections!”

The standard (wrong) argument:

h h
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“The Higgs mass suffers from large radiative corrections!”

The standard (wrong) argument:

th O G p2 — m%{

[ S 1
h ) q h 1 5 Mg
T672 1% (CUV —14log 7)

h RSN h 1 1 2 2
+ == CINLEEEEE v (C’Uv—/ dz log Ms_x(;_x)p)
0

. e 1672 H
h h 1 1 2 1 N2
SUSY: + ------( § }----- 162 M3 (C'Uv — 1 —/ dz log 2= w/g z)p > + p? terms
0
T The shift of the root is small even for large M2

“The hierarchy is stabilized by SUSY near Mz”
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“The Higgs mass suffers from large radiative corrections!”

The devil is in detail:

PRSI
[
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
pT — my 16772M§ (CUV—1+logT§)
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“The Higgs mass suffers from large radiative corrections!”

The devil is in detail:

PASIEN
'
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
p — My 167‘(‘2M§ (CUV_1+10gM_é9)

The root is not the physical mass ! Mind the one-point function !

Perturbation theory contrived unless '} =0 :
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“The Higgs mass suffers from large radiative corrections!”

The devil is in detail:

PASIEN
'
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
p — My 167‘(‘2M§ (CUV_1+10gM_é9)

The root is not the physical mass ! Mind the one-point function !

Perturbation theory contrived unless '} =0 :

X
h h
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X
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“The Higgs mass suffers from large radiative corrections!”

The devil is in detail:

PASIEN
'
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
p — My 167‘(‘2M§ (CUV_1+10gM_é9)

The root is not the physical mass ! Mind the one-point function !

Perturbation theory contrived unless [} = 0 :

X
I’y -}E---Q---X + -ff---i----x + fl—----"‘é\‘----x + ..
: ‘s._¢'
X ~ —— -
m%{v )\U?’ (

M2
16,25 (CUV — 1 los TQS)
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No need to be sorry...

In the true quantum vacuum the polynomial M3 -dependence drops out.
The poor Higgs is in the same shape like anybody else in the SM...

“Higgs anti-discrimination act”

Full one-loop EP approach
MM, EP) C73 (2013) 2415
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No need to be sorry...

In the true quantum vacuum the polynomial M3 -dependence drops out.
The poor Higgs is in the same shape like anybody else in the SM...

“Higgs anti-discrimination act”

Full one-loop EP approach
MM, EP) C73 (2013) 2415

Are you scared by the bare charge in QED? No?
So why do you care about hierarchy?

Correlations among observables ( = physics) perfectly stable!
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Main theoretical uncertainties

Flavour structure of the BLV currents

92

M6

Example: C’L]k ny’udz d_;;f)//iyk Czjk — (Vjcvd)Jz(VT V, )

- RH rotations enter here

- simple Yukawa sector desirable!
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Main theoretical uncertainties

Planck scale effects

e %F“”(@Fw

- finite shifts in the gauge matching

- can be as large as Aozi_l ~ 1

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

Michal Malinsky, Charles U. Prague Status and prospects of GUTs IFIC; October 28 2014 51 / many



Main theoretical uncertainties

Planck scale effects

e %F“”(@Fw/

- finite shifts in the gauge matching

- can be as large as Aozi_l ~ 1

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

easily an order of magnitude uncertainty in Mg!

IRREDUCIBLE !!!
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Main theoretical uncertainties

Planck scale effects

e %F“”(@Fw/

- finite shifts in the gauge matching

- can be as large as Aozi_l ~ 1

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

Absent if SO(10) is broken by 45!

e %FW<45>FW — 0
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The minimal non-SUSY SO(10) GUT



The minimal SO(10) unification

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

* A
Mc=Mge ¥ Mgo

6 G
“Tao} aasy 2 Tze) 0,30y 2P

SO (10) > G
{54} (1,1, 4
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The minimal SO(10) unification

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

Mc‘Mai’ '/6/
~>  Go3

| e MRO
{210} (1,3,15)

[ 2
{126} 1,3,10

)" Goia

SO (10) > G
{54} (1,1, 4
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The minimal SO(10) unification

Chang, Mohapatra, Gipson, Marshak, Parida 1985 SU(5) branches omitted
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The minimal SO(10) unification

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

Scalar potential: V' =

Vas + Viog + Vimix

Vis = L (90)0 + 2(@8)o(60)0 + Z(d0)a(60):.

Vize = ——(22*)0
>\0
( 1)?

A4
G

(4')2
lex e (45)2(22*)2 o=

4 3'
2 Z(¢¢)2(22)2 +

Michal Malinsky, Charles U. Prague

(EX*)o(EX")o +
5 (22*)4(22*)4 -+

(22)2(22)2 -+

A2
@y

(ZX%)2(E2%),
Ay
(3)°
(Z*E%)2(Z*E%)s,

(X)) (2" o

(4'>2

7. 5, 5 71 (99)o(BX7)o

(550 + 22 (90)0 (52%)s

Z(Wb)z(z*z )2

(P9)o(PP)o = bijPij Pridri

(00)2(PP)2 = 0ijPir b1 Dik

(BP)o = Pijdij, (XX*)o = XijkimX5jkim
(XX%)o(XE")o = Zijkim Xijkim Xnopar Znopgr
(B (X b= Ez‘jklmzzjklnzopqrmzzpqm
(EX7)4(EX")4 = Bijrim Xijkno Xparim Xpgrno
(EX7)a (X57%)a = XijrimEijknoparinEy

prqrmo

(22)2(22)2 = Zijklmzijklnzopqrmzopqrn
(#)2(XX")2 = ¢i Zkimni X kimn;

(90)0(EX%)0 = ¢ijbij XkimnoXkimno
(09)4(EE")4 = ¢4 Pkt Emnoij Emnoki
(99)a (EX)ar = bij ki Emnoik Zmnoji
(96)2(XX)2 = ¢4 ik Limnoj Limnok

(¢¢)2 (2* Dy )2 = ¢"3j ¢’ik2;‘mnoj2;‘mnok
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The minimal SO(10) unincation

SO(10) broken by 45, rank reduced by 126  (#8)o(d¢)o = ¢i;i; Pri b

(00)2(PP)2 = 0ijPir b1 Dik
Scalar potential: V' = V5 + Viog + Vinix (9h)o = bijdij, (BX*)o = Zijkim Eijkim
(22*)0(22*)0 = 2'11_7'kl'm2',z!‘_7'lclm2""'01"17”zj;‘wpqr

2
Vis = —5-(89)0 + L (#8)0(60)o + 2 (#6)2(d8)2,  (S5)2(55)2 = Sikim SyptnSoparm
(22)2(22)2— ijklm zgklnzopqrmzopqrn
(

Vige = ——(22*)0
A E 3 *k
( ";2(22 3ok T 4,)2
)‘4 * * *
(3!)2(2|)2 (22 )4(22 )4 £3 |)2 (22 (22 )4 D)2 (5% —¢zjzklmn22klmn]

(4')2 (22)2(22)2 + (4')2 (2")2(2*‘2 ‘¢¢)0(22*)0 = ¢zj¢z32klmnozklmno

lex — (¢)2(22*)2 T 9. 5'
(EZ*)4 + ,84 (¢¢)4, (22*)4, (¢¢)4' (EE*)4’ - ¢ij¢kl Zmnoz’kzmnoﬂ
(¢¢)2(22)2 — ¢ij¢z'k2lmnoj2lmnok

(¢¢)2 (2* Dy )2 = ¢’ij Pik menoj Eikmnok

)4(22 )4 = ZJklmszknozqulmZ;qrno

)4 (22 )4 = E'ljklm2'1,_7Icn,ozqu'l'nZ;‘mrmo

(¢¢)0(22*)0 (¢¢)4(22 )4 > ¢zj¢kl2mnozg mnokl

4 3'
T Z(¢¢)2(22)2 o Z(¢¢)2(2*2 )2
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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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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

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

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

<45> X To

|
S
|~<

SU(5)-like vacua only, not far from the “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

Wy

Wy X To
WR

\ on ) x\L

(45)

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

“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) unincation

Quantum salvation in 2010

A T
_ . . : -------- :/ \l ________
One-loop effective potential ¢ ¢
3 T
\\\\‘X-’,//
® () (@ ® ) @
\\ /,/'—i\‘\\ ,/ \\\ I,/
¢ L ¢ ¢ i A ¢
,8\\ /’B 92 gZ
\\\~X_”/l
1
Am%1,3,0) = 2 77 + 37 (2w} — wrwy +2wy) + g* (16wF + wywr + 19w5 )] + 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 consistent SO(10) unification
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The minimal consistent SO(10) unification

Chang, Mohapatra, Gipson, Marshak, Parida (1985)
Deshpande, Keith, Pal (1993)

Bertolini, Di Luzio, MM (2009)

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

multiple Yukawa finetuning?
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The minimal consistent SO(10) unification

Chang, Mohapatra, Gipson, Marshak, Parida (1985)
Deshpande, Keith, Pal (1993)

Bertolini, Di Luzio, MM (2009)

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

multiple Yukawa finetuning?

NO! Enough to make the unavoidable finetuning elsewhere.
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The minimal consistent SO(10) unification

Chang, Mohapatra, Gipson, Marshak, Parida (1985)
Deshpande, Keith, Pal (1993)

Bertolini, Di Luzio, MM (2009)

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

multiple Yukawa finetuning?

NO! Enough to make the unavoidable finetuning elsewhere.

Two other potentially realistic minimally fine-tuned consistent scenarios

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)
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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 7 =20 x 10"y
N 7 =>9.0 % 107y

Tp > 1.3 X 1034y

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 7 =20 x 10%y
N 7 =>9.0 % 107y

7, > 1.3 x 103y

Y sharp edge!

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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Hyper-K 2040 [l 7 =20 x 10%y
N 7 =>9.0 % 107y

7, > 1.3 x 103y

L. sharp edge!

M(8,2,+3) [GeV]
1015 Lol [ R | R AR [ R Lot Lo R
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The octet should be light!!!
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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 7 =20 x 10%y
oY N 7 >9.0x 10y

Tp = 1.3 X 1034y

wr|[GeV]

=AY -
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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 7 =20 x 10%y
oY N 7 >9.0x 10y

Tp = 1.3 X 1034y

wr|[GeV]

D/
Sy
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Towards a consistent & potentially realistic SO(10) scenario

Case I: light (8,2, +2) @ two loops + improved proton decay

17 - Bertolini, Di Luzio, MM, PRD 85, 095014 (2012
10 i wR[GeV] ( )

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

Ty 1.3 x10%*y

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

L1 1111

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

Case I: light (8,2, +2) @ two loops + improved proton decay

17 - Bertolini, Di Luzio, MM, PRD 85, 095014 (2012
10 i wR[GeV] ( )

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

Ty 1.3 x10%*y

Se. the naive one-loop
. upper bound reduced
~::; by afactor of 1000 !

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

L1 1 1111

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

Case I: light (8,2, +2) @ two loops + improved proton decay

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

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

| 7, > 1.3 x 10y

y the naive one-loop
101° .o *~<._ ! upper bound reduced
________ wdamecmceeenne---.-22} by afactor of 1000 !
—
M(8,2,+3)[GeV]

11111

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

Case IlI: light (6, 3, +%)@ two loops  H.Kolesova, MM, arXiv:1409.496 |

wg [GeV]
1><1017j - T, > 2.0 x 10¥y

N 7 >9.0 % 10y

5% 1016} 34
| = 13X 10%y 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 IlI: light (6, 3, +%)@ two loops  H.Kolesova, MM, arXiv:1409.496 |

wg [GeV]
1><1017j - T, > 2.0 x 10¥y

N 7 >9.0 % 10y

5% 1016: 7, > 1.3 x 103y R
NO .
\ ¢
2% 1016}
1 x 10}
' ° ot cuts from flavour fits
5x 1013}
' M(6,3,+1/3)[GeV]
T
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Conclusions / outlook

It>s almost impossible to calculate proton lifetime accurately

The minimal non-SUSY SO(10) broken by 45 is very special

At the vast majority of the allowed parameter space it says that

either
one should see a scalar color octet @ LHC
or

one should see proton decay @ Hyper-K
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Thank you for your kind attention!



Experimental affairs



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

1983-1¢

1987-1¢

1990 Souic oshiba
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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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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

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

Other complication - nuclear effects

- 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

- pion charge exchange Positron t{

i
3

- absorption

Other signals
- nuclear recombination - extra 6.3 MeV photon gamma
- neutron capture at a dope (Gd, ...)
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect

® galactic magnetic field depletion
® pulsar stability Freese, Turner

® proton stability
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect

® galactic magnetic field depletion
® pulsar stability Freese, Turner

® proton stability

Upper limits on the flux density around Earth

Theory: ® s (Barth)ineory < 10722 ~ 10727 cm ™21 s ™!
Experiment: S5 (Earth)exp. S 1071% em™2sr7's™!  MACRO 2001 (Gran Sasso)
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Monopoles

No way to produce in lab, only cosmics + Callan-Rubakov effect

® galactic magnetic field depletion
® pulsar stability Freese, Turner

® proton stability

Upper limits on the flux density around Earth

Theory: ® s (Barth)ineory < 10722 ~ 10727 cm ™21 s ™!
Experiment: S5 (Earth)exp. S 1071% em™2sr7's™!  MACRO 2001 (Gran Sasso)

N.B. early (fake) monopole-like events  Price etal, 1975 PRL August 25
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