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Baryon and lepton number violation in the SM

BSM perturbative L violation

- Dirac neutrinos and charge de-quantization in SM
- Majorana neutrinos and related phenomena

BSM perturbative B violation
- proton decay and grand unification

Comments on the TeV-scale SUSY paradigm
- the “Higgs anti-discrimination act”

Recent developments in non-SUSY SO(10) GUTs
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The GSVV Standard Model

(non-perturbative B & L violation)



B & L violation in the Standard model

Expected at some point (non-perturbative):

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 (non-perturbative):

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}, [ (2)

A(B —+ L) — Nf(ANCS — Ancs)
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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:

s 3 17k
Ncs 167!'2 / d’x 2¢ Tr[aA Ak+23ggAAAk]
9% 3. _ijk
— z . .
ncs = —1e3 / d’x'e?” 0;B;Bg,
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B & L violation in the Standard model

Vacuum structure of non-abelian (Yang-Mills) gauge theories

F* = ( attained for pure gauge configurations A* = Uo*(UT)
U e SU(2)
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B & L violation in the Standard model

Vacuum structure of non-abelian (Yang-Mills) gauge theories

F* = ( attained for pure gauge configurations A* = Uo*(UT)

U e SU(2)
7T3[SU(2)] = 7,
E[A] 4
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B & L violation in the Standard model

Winding number of SU(2) transformations:

n = / Po T [(BU)U OU)U (BU)U ] %

247r2
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B & L violation in the Standard model

Winding number of SU(2) transformations:

"= 247r2 /d%ﬁ[(a U)U(9; U)U_l(akU)U_] ijk

Pure-gauge configurations: Ngg x n
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B & L violation in the Standard model

Winding number of SU(2) transformations:

"= 247r2 /d3:1:’I‘1'[(6 U)U(9; U)U_l(akU)U_] ijk

Pure-gauge configurations: Ngg x n

Tunneling between minima with different n’s: instantons

A(B+ L) x Ny x An

Rates heavily suppressed...

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

Winding number of SU(2) transformations:

n = / Po T [(BU)U OU)U (BU)U ] %

247r2

Pure-gauge configurations: Ngg x n

Tunneling between minima with different n’s: instantons

A(B+ L) x Ny x An

“Instanton effects” in the SM Rates heavily suppressed...

9q -+ 3l @ 3H6 — e_I_lu’—I_?T A ~ 6—27T/aw N 10_8()
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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 GSVV Standard model

Cancellation of the SU(3) x SU(2) x U(l) gauge anomalies

1
Ac o 352

Tr {T,, Ty} T.) F/j‘VFb“”
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(Hyper)charge quantization in the GSVV Standard model

1
3272

A o

Tr ({T,, T, }T.) Fo FoH
Trick: stick to just SU(2)xU(l) and consider Yukawa interactions

SU(2)2 U(1): 6Yp + 2V, = 0

U(1)3: 12Y5 +4Y) — 6Y) — 6Y) — 2V =0
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(Hyper)charge quantization in the GSVV Standard model

Cancellation of the SU(3) x SU(2) x U(I) gauge anomalies
1
Ae

3272

Tr {T,, Ty} T.) F/‘jVFbW

Trick: stick to just SU(2)xU(l) and consider Yukawa interactions

QL = (3,2,Yq)
SU(2)2 U(l): 6Yy + 2Y% = 0 o — (1Y)
3. 3 3 av3  av3  ov3 drp = (3,1,Yp)
U(1)3: 12Y3 4+ 4YP — 63 — 6Y3 — 2Y2 =0 e
ER — (1717YE)
Yukawas: Yng@z< >l)R‘7 ‘l‘YUngL < >UR] ‘I'YEszLz<H>ERj H=(1,2,Yg)
—YQ—I—YD—I—YHZO —YQ—I—YU—YHZO —YL—|—YE—|—YH:0
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(Hyper)charge quantization in the GSVV Standard model

Cancellation of the SU(3) x SU(2) x U(I) gauge anomalies

1 a buv
Ac o o5 Tr ({0, Ty} 1) B, F™

Trick: stick to just SU(2)xU(l) and consider Yukawa interactions

QL = (3,2,Yq)
SU()? U(1): Y + 2V, = 0 o B
3. 3 3 av3  av3  ov3 drp = (3,1,Yp)
U(1)3: 12Y3 + 4YF — 6Y3 — 6YE — 2V = 0 B
€ErR = (1717YE)
Yukawas: Yng@z< >l)R‘7 ‘l‘YUngL < >UR] ‘I'YEszLz<H>ERj H=(1,2,Yg)
—YQ—|—YD—|—YH:0 —YQ+YU—YH:O —Y; + Y+ Yy =

Solution: YQ — —I—%, Yy = —|—3, Yp = 1 Y = 1 Y =-—1

Charge quantization in the SM is a consequence of anomaly cancellation!
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(Hyper)charge de-quantization in the Standard model

with massive (Dirac) neutrinos

Cancellation of the SU(3) x SU(2) x U(l) gauge anomalies

Assume that neutrinos are massive (Dirac) fermions: needs Ny = (1,1, Yy)
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(Hyper)charge de-quantization in the Standard model

with massive (Dirac) neutrinos

Cancellation of the SU(3) x SU(2) x U(l) gauge anomalies

Assume that neutrinos are massive (Dirac) fermions: needs Ny = (1,1, Yy)

SU(2)% U(1): 6Yo + 27 = 0

U(I)3: 12Y5 +4Y — 6Y; — 6Y — 25 —2Yy =0
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(Hyper)charge de-quantization in the Standard model

with massive (Dirac) neutrinos

Cancellation of the SU(3) x SU(2) x U(l) gauge anomalies

Assume that neutrinos are massive (Dirac) fermions: needs Ny = (1,1, Yy)

SU(2)* U(l): 6Yo + 27 = 0

U(I)3: 12Y5 +4Y — 6Y; — 6Y — 25 —2Yy =0

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

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
—YQ—I—YU—YHZO —Yr +YNn — Yy =0
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(Hyper)charge de-quantization in the Standard model

with massive (Dirac) neutrinos

Cancellation of the SU(3) x SU(2) x U(I) gauge anomalies

Assume that neutrinos are massive (Dirac) fermions: needs Ny = (1,1, Yy)

SU(2)* U(l): 6Yo + 27 = 0

U(I)3: 12Y5 +4Y — 6Y; — 6Y — 25 —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 =42 —zYn, Yy =+2 —2Yn, Yp = -2 —2Vn,
Y, =—14Yn, Yg=—-14Yy Yy €R

Charge quantization is lost!
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(Hyper)charge de-quantization in the Standard model

with massive (Dirac) neutrinos

A simple symmetry argument

B and L anomalies in the presence of the RH neutrino:

T{Y.Y}B— L) = 0, Te({T}, T{}(B — L)) = 0,
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(Hyper)charge de-quantization in the Standard model

with massive (Dirac) neutrinos

A simple symmetry argument

B and L anomalies in the presence of the RH neutrino:

T{Y.Y}B— L) = 0, Te({T}, T{}(B — L)) = 0,

With the RH neutrino: Tr(B — L) =0

B - L can be gauged !
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with massive (Dirac) neutrinos

A simple symmetry argument
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with massive (Dirac) neutrinos

A simple symmetry argument

B and L anomalies in the presence of the RH neutrino:

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

With the RH neutrino: Tr(B — L) =0

B - L can be gauged !

Y =Y +¢<(B— L) is a again a perfectly consistent hypercharge, ¢ = =Yy
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(Hyper)charge de-quantization in the Standard model

with massive (Dirac) neutrinos

A simple symmetry argument

B and L anomalies in the presence of the RH neutrino:

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

With the RH neutrino: Tr(B — L) =0

B - L can be gauged !

Y =Y +¢<(B— L) is a again a perfectly consistent hypercharge, ¢ = =Yy

Babu, Mohapatra, Phys.Rev. D41 (1990) 271

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

This suggests that neutrinos are better not Dirac!

Massive but not Dirac = Majorana = strictly neutral = L violation
E. Majorana 1937
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Standard model with massive neutrinos and quantized charges

This suggests that neutrinos are better not Dirac!

Massive but not Dirac = Majorana = strictly neutral = L violation
E. Majorana 1937

Example: RH neutrino with an explicit Majorana mass term:

YDij@¢<H>DRj +YUijmi<I~{>URj + YEijL_Lz'<H>ERj + YNz'jL_Li<I:I>NRj + h.c.

‘|‘%MR7;]‘ fiiNRj + h.c.
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Standard model with massive neutrinos and quantized charges

This suggests that neutrinos are better not Dirac!

Massive but not Dirac = Majorana = strictly neutral = L violation
E. Majorana 1937

Example: RH neutrino with an explicit Majorana mass term:

YDijm¢<H>DRj +YUijmi<I~{>URj + YEijL_Lz'<H>ERj + YNz'jL_Li<I:I>NRj + h.c.

‘|‘%MR7;]‘ fiiNRj + h.c.

0  Ynv _ :
M,=(.r N m, = YnMrp '0?Yy  “seesaw mechanism”
YIv My

P. Minkowski, Phys. Lett. B67,421 (1977)
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Three kinds of tree-level renormalizable seesaw
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Three kinds of tree-level renormalizable seesaw

* x
H /H
type-|l seesaw Ns
Ly Ly
(1,1,0)
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Three kinds of tree-level renormalizable seesaw

, RHN with a large
Ngp Majorana mass term

(1,1,0)

type-|l seesaw
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Three kinds of tree-level renormalizable seesaw

* x
H /H
type-l seesaw / RH.N with a large
Nr Majorana mass term
LL LL
(1,1,0)
o +
type-ll seesaw N
LNL
(1,3,41)
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Three kinds of tree-level renormalizable seesaw

Michal Malinsky, IPNP

* x
H /H
type-l seesaw
YP Nr
Ly Ly
(1,1,0)
X S~
type-Il seesaw PAL
LNL
(1,3,+1)

B and L violation in the SM and beyond

RHN with a large
Majorana mass term

Heavy scalar triplet
with a dimensionful
trilinear scalar coupling



Three kinds

of tree-level renormalizable seesaw

* x
H H
type-l seesaw
YP N
Ly, Ly,
(1,1,0)
X +-
type-Il seesaw PAL
LNL
(1,3,+1)
* x
H /H

type-lll seesaw

RHN with a large
Majorana mass term

Heavy scalar triplet
with a dimensionful
trilinear scalar coupling
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type-| seesaw
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type-Il seesaw PAL
LNL
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* X
H H

type-lll seesaw
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RHN with a large
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Heavy scalar triplet
with a dimensionful
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with a large
Majorana mass term



Three kinds of tree-level renormalizable seesaw

In all cases the SM neutrino
is a light Majorana fermion

Michal Malinsky, IPNP

* x
H /H
type-| seesaw
YP Nr
Ly Ly
(1,1,0)
X +-
type-Il seesaw PAL
LNL
(1,3,+1)
* X
H H

type-lll seesaw

B and L violation in the SM and beyond

RHN with a large
Majorana mass term

Heavy scalar triplet
with a dimensionful
trilinear scalar coupling

Fermionic triplet
with a large
Majorana mass term



Lepton number violation at colliders

type-ll seesaw

review: arXiv:1001.2693 [hep-ph]

Type-ll seesaw: - doubly-charged scalar in the spectrum!

T
=+
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number violation at colliders

type-ll seesaw

review: arXiv:1001.2693 [hep-ph]

Type-ll seesaw: - doubly-charged scalar in the spectrum!
i i - same sign dilepton pairs (boosted)
a
L%i\)u 7 — ATTATT = (1T
1,3, +1
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number violation at colliders

type-ll seesaw

review: arXiv:1001.2693 [hep-ph]

Type-ll seesaw: - doubly-charged scalar in the spectrum!
. >+ . . .
H Tl - same sign dilepton pairs (boosted)
a
L%i\)u 7 — ATTATT = (1T
1,3, +1

- decays rely on the size of the triplet Yukawa couplings

- flavour structure correlated to neutrino mixing
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Lepton number violation at colliders

“light” type-lll seesaw

review: arXiv:1001.2693 [hep-ph]

Type-lll seesaw: - neutral and charged fermions
* X
H H
F
L L
7 (1,3,0) X
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number violation at colliders

“light” type-lll seesaw

review: arXiv:1001.2693 [hep-ph]

Type-lll seesaw: - neutral and charged fermions
, . - triplet feels the SM gauge bosons - better than singlet!
H\‘ H
F
L L
“(1,3,0) X
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number violation at colliders

“light” type-lll seesaw

review: arXiv:1001.2693 [hep-ph]

Type-lll seesaw: - neutral and charged fermions
, . - triplet feels the SM gauge bosons - better than singlet!
H\‘ H
F
Ly Ly . .
(1,3,0) - multi-lepton channels as in type-ll

P — Z25 — (ot

- kinematics different, not so spectacular...

Michal Malinsky, IPNP B and L violation in the SM and beyond



Lepton number violation in oscillations

LNV is a really old story...

The first approach to neutrino oscillations was indeed “L-violating”’!
B. Pontecorvo, Sov.Phys JETP 6 (1957) 429

E}v%o Mo nwesc o
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Lepton number violation in oscillations

LNV is a really old story...

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

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429
NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger

E}v%o Mo nwesc o
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Lepton number violation in oscillations

LNV is a really old story...

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

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429
NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger

Diagrammatics: see e.g. E.Akhmedov, J. Kopp, JHEP 1004 (2010) 008

B—}V%o Mo nwesc o

2
miL

A(vy — v3) x ZU;iUgje_i 2B
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Lepton number violation in oscillations

LNV is a really old story...

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

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429
NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger

Diagrammatics: see e.g. E.Akhmedov, J. Kopp, JHEP 1004 (2010) 008
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Lepton number violation in oscillations

LNV is a really old story...

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

B. Pontecorvo, Sov.Phys JETP 6 (1957) 429
NB Oscillations in the neutral Kaon system 1957 M.L. Good, Phys. Rev. 106 (1957) 591

NB Muon neutrinos only in1962! Lederman, Schwarz, Steinberger

Diagrammatics: see e.g. E.Akhmedov, J. Kopp, JHEP 1004 (2010) 008

B—}V%o Mo nwesc o

Nowadays mostly academlc... see e.g. Z-z. Xing, arXiv:1301.7654v2
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Neutrinoless double beta decay

Diagrammatics:

Michal Malinsky, IPNP B and L violation in the SM and beyond



Neutrinoless double beta decay

Diagrammatics:
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Neutrinoless double beta decay

Diagrammatics:
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Neutrinoless double beta decay

10° NH

M Ly M N ;s 2l M s 3
10 0* 10° 1402 10t 10°
lightest mass (eV)

Ao<g4<q£2>

Figures from Chakrabortty et al., 2012
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Neutrinoless double beta decay

Diagrammatics:

Figures from Chakrabortty et al., 2012
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Neutrinoless double beta decay

Diagrammatics; Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al., 2012

Michal Malinsky, IPNP B and L violation in the SM and beyond



Neutrinoless double beta decay

Diagrammatics; Heavy neutrinos also feel gauge interactions!

Figures from Chakrabortty et al., 2012
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Neutrinoless double beta decay

Heavy neutrinos also feel gauge interactions!

10-4 PEEEETIETY B S [ L % Y
10° H40* 0 40% 10 10°
lightest mass (eV)

4 9 K
Aoxg E Fe—
. M;
(

Figures from Chakrabortty et al., 2012

Michal Malinsky, IPNP B and L violation in the SM and beyond




Neutrinoless double beta decay

Diagrammatics; Heavy neutrinos also feel gauge interactions!

Ao<g4ZF2%

This may even dominate if M is in the TeV region
or if there are RH currents around TeV
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Neutrinoless double beta decay

But what if there is something else!?
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Neutrinoless double beta decay

But what if there is something else!? \”)\\/
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Neutrinoless double beta decay

But what if there is something else!? V
\\? ¢
%
Schechter - Valle mechanism: LS e
/\
W 2—
A
A J. Schechter, . F W. Valle, PRD 1982

Takasugi, PLB 1984
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Neutrinoless double beta decay

But what if there is something else!? V
\\? ¢

%
Schechter - Valle mechanism: LS e

/\

> Y
s
& J. Schechter, J. F W. Valle, PRD 1982

Takasugi, PLB 1984
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Neutrinoless double beta decay

But what if there is something else!? <\/

Schechter - Valle mechanism: s

J. Schechter, J. . W. Valle, PRD 1982
Takasugi, PLB 1984

If neutrinoless double beta decay is seen, neutrinos are inevitably Majorana...
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Lepton number violation in cosmology - leptogenesis

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986
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Lepton number violation in cosmology - leptogenesis

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986

°B = pp = (6.1 +£0.3) x 10~1°
Ny
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Lepton number violation in cosmology - leptogenesis

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986

B = pp = (6.1 0.3) x 10-1°

- thermal instantons (aka sphalerons) boost L to B transitions
Kuzmin, Rubakoyv, Shaposhnikov, PLB|55, 1985
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Lepton number violation in cosmology - leptogenesis

Perturbative + nonperturbative LNV very handy for baryogenesis
Fukugita, Yanagida, PLB174, 1986

LB = pp = (6.1 £0.3) x 10~1°

- thermal instantons (aka sphalerons) boost L to B transitions
Kuzmin, Rubakoyv, Shaposhnikov, PLB|55, 1985

Generating net L in the type-| seesaw:
S [T(N1 = €oH) —T(N1 — £, H).
> o [T(N1 — £oH) + (N, — £, H)

CP asymmetry: €1 =

Michal Malinsky, IPNP B and L violation in the SM and beyond



Lepton number violation in cosmology - leptogenesis

CP asymmetry:

3 1 My
3T (YN Y i:ZQ,S M;

Michal Malinsky, IPNP B and L violation in the SM and beyond



Lepton number violation in cosmology - leptogenesis

CP asymmetry:

3 1 01 M,
€1 =~ Im [(YNYN)M} EVa
3w (YNYzlLf)ll i:ZQ,S M;
DaVidson-lbar'r'a bound: S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002)

<
erl < 167 v?
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SM as an effective theory

g ® Neutrino oscillations:  Am?2 = (8.0 + 0.3) x 10~ %eV?
O |[Am2| = (2.54£0.3) x 10 %eV?
é ® Cosmology (structure): Z m; S 1leV

(a1 1

e (0028: (mee) < 1eV
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SM as an effective theory

g ® Neutrino oscillations:  Am?2 = (8.0 + 0.3) x 10~ %eV?
O |[Am2| = (2.54£0.3) x 10 %eV?
% e Cosmology (structure): Zmz S leV
o 1
2 e 0v23: (m®) < 1eV
: LLHH
Weinberg’s d=5 operator L > 1 S.Weinberg, PRL43, 1566 (1979)
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SM as an effective theory

g ® Neutrino oscillations: AmZ = (8.0 £0.3) x 10 °eV?

O |[Am2| = (2.54£0.3) x 10 %eV?
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SM as an effective theory

g ® Neutrino oscillations: AmZ = (8.0 £0.3) x 10 °eV?
O |[Am2| = (2.54£0.3) x 10 %eV?
: <
é ® Cosmology (structure): Zmz S leV
o 1
- 020 : (m°®) < 1eV A~ (1012 — 1014) GeV
: , LLHH
Weinberg’'s d=5 operator L > 0 S.Weinberg, PRL43, 1566 (1979)

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

BTW: good to have the “complete Higgs doublet” :-)
(If you prefer LABEHGHKWV 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
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SM as an effective theory at d=6 level
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SM as an effective theory at d=6 level
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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

(37 17 _%) D (§7 17 _|_%)
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d=6 baryon number violation mediators

Fierz

example: (d Cug)(QF C L1) % [ Q@)L

Scalar exchange

(37 17 _%) D (§7 17 _|_%)
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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_%)@(§717+%) (3727_%)@(3727—'_%)
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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_%)@(§7la+%) (3727_%)@(3727—'_%)

5
m
: ] p 34_\—1
Proton instability: I, ~ 17 < (10°%y)
new Yukawa interactions? new gauge interactions?

Michal Malinsky, IPNP B and L violation in the SM and beyond



d=6 baryon number violation mediators

Fierz

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

Scalar exchange Vector exchange

(3717_%)@(§717+%) (3727_%)@(3727—'_%)

5
™
: ey p 34_\—1
Proton instability: I, ~ 17 < (10°%y)
new Yukawa interactions? new gauge interactions?
/ -
d N A d X
+ \ p+ | =

Such a new physics should be above 10'> GeV !??
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Can SM tell us anything about such a huge-scale dynamics!?

Running gauge couplings in the SM:

d
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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 [ 2

by | =—— [ 2 2| 2 +-| 2

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 & 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

Michal Malinsky, IPNP B and L violation in the SM and beyond



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

Running gauge couplings in the SM

“ol 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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Running gauge couplings in the SM
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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 gauge - ferm.

(3,2,—3) ® h.c. (3,1,—%)
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7
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+ ol 4
] o=
N~
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o
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Ms ~ 101°GeV

Michal Malinsky, IPNP B and L violation in the SM and beyond



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

Running gauge couplings in the SM +X + A

3

3p, 2 |

b = —— 5 + 2 2 + —

b S\ 5 ) :
3 gauge ferm.
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@

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 | >
b = —— 5 + 2 2 + — =
; 3 X 3\ 1
3 gauge ferm. 2 scal.
single gauge
60 coupling like in an
| tG  asymptotically free
I 2
50 ' : gauge theory with
f ! a simple gauge
0 : group
301 | Mg~ 10*GeV
20| :
10! :
i t = 5=log —
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 by 5 2
b ——— | 5

gauge

60
50|
40/
30}
20|

10

DD [ D | =

la

scal.

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

Ms ~ 101°GeV

tells us the
BNV scale and
also the gauge
coupling
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Grand Unifications

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 Unifications

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

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

They also look like theories of the d=6 BNV operators in the SM...
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Grand Unifications

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

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

They also look like 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, 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

® 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 Ve Vi
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The minimal SU(5) GUT

H.Georgi, S.Glashow, Phys.Rev.Lett. 30 (1974)
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& (
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
L : 0 e° : 0 u°
(3,1,4—%) d° s¢ \ ' O) \ O)

Michal Malinsky, IPNP B and L violation in the SM and beyond



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

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)

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)
AH N
G" W 2y G" AF B* extra gauge bosons X
BH
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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)
AH N
G" W 2y G" AF B* extra gauge bosons X
BH

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

SM HIggS 5: (1,§,+%)@(§,1,—%)

H extra coloured scalar /\
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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)
AH N
G" W 2y G* AF B* extra gauge bosons X
BH

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

SM HIggS 5: (1,?,%—%)@(5,1,-%)

H extra coloured scalar /\

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)

variety of other (heavy) scalars
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The devil is in the detail...
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The devil is in the detail...

Hypercharge embedding: ¢Y =Ty, € SU(5) Normalization: Tr{T,,T»} = 1045
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The devil is in the detail...

Hypercharge embedding: ¢Y =Ty, € SU(5) Normalization: Tr{T,,T»} = 1045

(v \
this sets the initial condition < 3 + 1
for the U(1) coupling Tra =17 T3

Wl
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TeV-scale supersymmetry...

Running gauge couplings in the SM +X + A
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TeV-scale supersymmetry...

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

+ squarks and sleptons

60
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e
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TeV-scale supersymmetry...

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

+ squarks and sleptons

60

50
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TeV-scale supersymmetry...

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

+ squarks and sleptons
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TeV-scale supersymmetry...

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

+ squarks and sleptons

This looks really attractive...
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My very personal view on the TeV-scale supersymmetry
brief version



TeV-scale supersymmetry...

People seem to really fancy it...
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TeV-scale supersymmetry...

People seem to really fancy it... | don’t (at the TeV scale).
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TeV-scale supersymmetry...

People seem to really fancy it... | don’t (at the TeV scale).

“It protects the Higgs mass from large corrections!”
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TeV-scale supersymmetry...

People seem to really fancy it... | don’t (at the TeV scale).

“It protects the Higgs mass from large corrections!”

The “instability” is a truncated perturbation theory artifact.
The physical Higgs mass is stable even without SUSY.
Correlations among measurable quantities are stable.
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“It protects the Higgs mass from large corrections!”

The “instability” is a truncated perturbation theory artifact.
The physical Higgs mass is stable even without SUSY.
Correlations among measurable quantities are stable.

“It makes the gauge unification work better!”
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TeV-scale supersymmetry...

People seem to really fancy it... | don’t (at the TeV scale).

“It protects the Higgs mass from large corrections!”

The “instability” is a truncated perturbation theory artifact.
The physical Higgs mass is stable even without SUSY.
Correlations among measurable quantities are stable.

“It makes the gauge unification work better!”

This is schizophrenic. SUSY GUTs are sterile, non-perturbative,
proton decays @ d=5 (or even @ d=4), problematic with seesaw etc.
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TeV-scale supersymmetry...

People seem to really fancy it... | don’t (at the TeV scale).

“It protects the Higgs mass from large corrections!”

The “instability” is a truncated perturbation theory artifact.
The physical Higgs mass is stable even without SUSY.
Correlations among measurable quantities are stable.

“It makes the gauge unification work better!”

This is schizophrenic. SUSY GUTs are sterile, non-perturbative,
proton decays @ d=5 (or even @ d=4), problematic with seesaw etc.

“It is just around the corner!”
No reason for this in view of the two comments above.

Michal Malinsky, IPNP B and L violation in the SM and beyond



TeV-scale supersymmetry...

People seem to really fancy it... | don’t (at the TeV scale).

“It protects the Higgs mass from large corrections!”

The “instability” is a truncated perturbation theory artifact.
The physical Higgs mass is stable even without SUSY.
Correlations among measurable quantities are stable.

“It makes the gauge unification work better!”

This is schizophrenic. SUSY GUTs are sterile, non-perturbative,
proton decays @ d=5 (or even @ d=4), problematic with seesaw etc.

“It is just around the corner!”
No reason for this in view of the two comments above.

“It provides an excellent WIMP dark matter candidate!”
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TeV-scale supersymmetry...

People seem to really fancy it... | don’t (at the TeV scale).

“It protects the Higgs mass from large corrections!”

The “instability” is a truncated perturbation theory artifact.
The physical Higgs mass is stable even without SUSY.
Correlations among measurable quantities are stable.

“It makes the gauge unification work better!”

This is schizophrenic. SUSY GUTs are sterile, non-perturbative,
proton decays @ d=5 (or even @ d=4), problematic with seesaw etc.

“It is just around the corner!”
No reason for this in view of the two comments above.

“It provides an excellent WIMP dark matter candidate!”
Only with extra symmetries imposed (external assumptions)
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Current situation and recent developments
in non-SUSY SO(10) GUTs



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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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!
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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) Higgsology

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

Mc"MR+ ‘4,/ MR°
o Gauz® > Ga3
{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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SO(10) Higgsology

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

MC'MR" ‘/o/ MRO
o Gauz® ~> Gp3
{210} (1,3,15) {126} (1,3,10 )

4,\‘:\ (16} (1,2,4)

'

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

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

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

‘L

Mc=M <
. G WMRY

{210} (1,3,15)

MR°

\

G . —— (5
“% 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) Higgsology

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

‘L

Mc=M <
. G WMRY

{210} (1,3,15)

MR°

\

G . —— (5
“% 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) Higgsology

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

MR°

'

. Mc"MR+ ‘4’/ N & &
-y
{210} (1,3,15) ‘% ize} 0,300 )

0 2 0y

0 (10) e——nX e e G
S 10 & - >— ——
{54} (L, TFY {as} (1,1,15) 61

“Optically” minimal Higgs models:
45+16 or 45+126
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The minimal SO(10)

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

Scalar potential: V' = V5 + V126 + Vinix
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The minimal SO(10)

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

Scalar potential: V' = V5 + V126 + Vinix

[.l,2 ap az
Vis = —7(¢¢)o + Z(¢¢)o(¢¢)o e Z(¢¢)2(¢¢)2 ;
2
Vize = —=(S5*)o
Xo

A
* B )

(22*)0(22*)0 -+ W(EE*)2(EZ*)2
A * * Al
-+ (3!)2212!)2 (XX)4(2X7)4 + (362

+ i DD + (i (3555,

Vinix = 52 (8)2(55")2 + 5= (88)o(EE")o
Bt (0u(EE)a + P2 (60)u ()

(X% (2X%) g

T 28]

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

(0h)o(P0)o = ¢ijDij Pridr

(69)2(P0)2 = ¢ijPirdi; Dik
(#d)o = Pijdij, (EX™)o = Zijkim Lijkim

(22*)0 (22*)0 = Eijklmzzjklmznoquz:wpqr

(22* )2 (22* )2 = zijklmz:jkln Eopqrmz:”l

opgrn

(22* )4 (22*)4 = zijklmzzjkno zpqumz*

pqgrno

(EZ")a (") = ijrimE]jknoSpgrin Sy,

pgrmo
(22)2(22)2 = z:'ijlclmz:ijklnz:opqr‘mEopq‘r‘n
(9)2(XX7)2 = ¢ij Eximni Ekimn

(00)0(EX%)0 = 645 Pi5 EkimnoXkimno
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The minimal SO(10)

SO(10) broken by 45, rank reduced by 126  (#9)o(#9)o = 6i;ij bridr
(09)2(0P)2 = ¢ijPikdij Pk
Scalar potential: V' = V5 + Vi26 + Vix (#)o = 9ijdijs (BE™)o = Zijkim Xijkim

o (22*)0 (22*)0 = Zijklngjklmzﬂoquz:wpqr
Vis = =5 (60)0 + L (60)0(89)o + Z(#8)2(68)2,  (£5)2(E5")2 = SisttmSijutn Copgrm

opgrn

Vi = —Z—?(EE*)O )4(EE)4 = Bijrim Efjkno Zparim Epgrno
(;‘82(22*)0(22"‘)0 + == (4')2 ")ar(EX7)ar = BijkimEijkno XparinXpgrmo
(3')2?2')2 M)+ GO (i

(4!)2 (Z.) (2*‘ ‘¢¢)0(22*)0 = ¢4 04 LkitmnoSkimno
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The minimal SO(10)

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

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

[ wr )

Wy

Wy X To
WR

\ 2y

(45)
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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

——

/,’ -
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)

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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Michal Malinsky, IPNP

The minimal SO(10)

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

(o \
(45)

Wy X To
WR

\ 2y

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

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

(o \
(45)

Wy X To
WR

\ 2y

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

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

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

= \ %R |

Wy

(45) Wy X To \

o N

\ 2y 5

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

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

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

w-lo o ®

&) T2 %\-/
\ oy .

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

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

“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) __

Quantum salvation of the minimal SO(10) GUT
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® (#) (9)® & (@) (9) &
\\‘ ,, -7 ‘X- PR i ’/, \\\ ”1
?- - _\‘.\" \‘ll.l, ______ (.p ? ------ ; s ?
51‘\ I',B g2 g2
Ne X

1
= [7-2 + 3% (2w} — wrwy + 2wy ) + ¢ (16wF + wywr + 19w32/)] + logs ,

= — [7‘2 + 52((,‘}12% — WRWY + 3(,0}2/—) + g4 (13w2R + Wy WR + 220)32/)] + logs,

Bertolini, Di Luzio, MM, PRD 81,035015 (2010)
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Thank you for your kind attention!



My very personal view on the TeV-scale supersymmetry
extended version



TeV-scale supersymmetry...

People seem to really fancy it...
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TeV-scale supersymmetry...

People seem to really fancy it...

“It protects the Higgs mass from large corrections!”

“It is just behind the corner!”

“It makes the gauge unification work better!”

“It provides an excellent WIMP dark matter candidate!”

| object!

... actually, all of these.

Michal Malinsky, IPNP B and L violation in the SM and beyond



“TeV-scale SUSY protects the Higgs mass from large corrections!”

The standard argument:
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“TeV-scale SUSY protects the Higgs mass from large corrections!”

The standard argument:

th O G p2_m%{
t'.\
[ S 1
h N2o..h 1

M2
TSR (Cov = 1+1og 5)

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

., 1672 H
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“TeV-scale SUSY protects the Higgs mass from large corrections!”

The standard argument:

th X =mmemmececeeem=aa= p2_m%{
t'.\
I 1
h ' S ’ h | o
ey 167T2M§ (CUv—l—I—logu—ﬁg)

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

<, 1672 H

For large M3 the root shifts enormously:

1
1672

m%{—>m?—{—|—

Mg(l—logﬂj—;)—l—...
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“TeV-scale SUSY protects the Higgs mass from large corrections!”

The standard argument:

th X =mmemmececeeem=aa= p2_m%{
t'.\
I 1
h ' S ’ h | o
ey 167T2M§ (CUv—l—I—logu—QS)

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

<, 1672 H

For large M3 the root shifts enormously:

1
1672

m%{—>m?—{—|—

Mg(l—logﬂj—;)—l—...

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

The “hierarchy problem”
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“TeV-scale SUSY protects the Higgs mass from large corrections!”

The standard argument:

th O G p2_m%{
t'.\
[ S 1
h N2o..h 1

M2
TSR (Cov = 1+1og 5)

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

., 1672 H
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“TeV-scale SUSY protects the Higgs mass from large corrections!”

The standard argument:

h h
I'pp € mmmmecceeeeeaa p2—m%{
l".\
1
ho 5 R . :
e 167T2M§ (C’Uv—l—l—log%)
h AN h 1 1 2 2
______ n | 2 C L d 1 MS—CE(].—CU)p
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“TeV-scale SUSY protects the Higgs mass from large corrections!”

The standard 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 (CUV — 1 —/ dz log 2= w/g z)p > + p? terms
0
T The shift of the root is small even for large M3

“The hierarchy among the two scales is stabilized if SUSY is near Mz”
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Is there anything to protect!?

The trouble with the “standard argument’:

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 trouble with the “standard argument’:

PRSI
[
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
pT — my 16772M§ (CUV—1+logT§)

The root is not the physical mass - perturbation theory contrived!!!
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The root is not the physical mass - perturbation theory contrived!!!
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Is there anything to protect!?

The trouble with the “standard argument’:

PRSI
[
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
pT — my 16772M§ (CUV—1+logT§)

The root is not the physical mass - perturbation theory contrived!!!

Mind the one-point function!

X
h h
L'y o oo ®---X + ----- Lo-aX
X
M v’
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Is there anything to protect!?

The trouble with the “standard argument’:

PRSI
[
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
pT — my 16772M§ (CUV—1+logT§)

The root is not the physical mass - perturbation theory contrived!!!

Mind the one-point function!

X
T o h h E h 't‘.\
h X e @---X | ----- - -X + eeea ! ‘S R i
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Is there anything to protect!?

The trouble with the “standard argument’:

PRSI
[
h h ho v O h
thOC -------- @-======= —|— ------- M mm = _I_
2 2 1 M2
pT — my 16772M§ (CUV—1+logT§)

The root is not the physical mass - perturbation theory contrived!!!

Mind the one-point function!

X
FhOC -}E---Q---X —|— -}E---i----x —|— -h-----"‘S.\‘----x ‘|‘
: ‘\._l'
* — g _
m%{fU )\v?’ v
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Is there anything to protect!?

In the true one-loop vacuum the polynomial M3 -dependence drops out!
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Is there anything to protect!?

In the true one-loop vacuum the polynomial M3 -dependence drops out!

The physical Higgs mass is not fine-tuned, just the (unphysical) VEV

The poor Higgs boson is in the same shape like anybody else in the SM!

“Higgs anti-discrimination act”

Full one-loop effective potential level approach: MM, EP] C73 (2013) 2415, arXiv:1212.4660
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Is there anything to protect!?

In the true one-loop vacuum the polynomial Mz -dependence drops out!

The physical Higgs mass is not fine-tuned, just the (unphysical) VEV
The poor Higgs boson is in the same shape like anybody else in the SM!
“Higgs anti-discrimination act”

Who cares? Do you mind getting rid of the UV divergences?

Correlations among observables are stable!

Full one-loop effective potential level approach: MM, EP] C73 (2013) 2415, arXiv:1212.4660
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VVhy the TeV-scale SUSY does not make the unification work better

Unification “works” if it is internally consistent, accommodates all existing data
and provides testable predictions (typically BNV)
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Unification “works” if it is internally consistent, accommodates all existing data
and provides testable predictions (typically BNV)

Proton decays is too fast in SUSY GUTs
(runs @ d=5 and sometimes even @ d=4)

d=5 proton decay in SUSY:
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VVhy the TeV-scale SUSY does not make the unification work better

Unification “works” if it is internally consistent, accommodates all existing data
and provides testable predictions (typically BNV)

Proton decays is too fast in SUSY GUTs
(runs @ d=5 and sometimes even @ d=4)
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VVhy the TeV-scale SUSY does not make the unification work better

Unification “works” if it is internally consistent, accommodates all existing data
and provides testable predictions (typically BNV)

SUSY GUTs have trouble with perturbativity, initial conditions, Planck-
scale effects and, thus, with uncertainties in p-decay predictions
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VVhy the TeV-scale SUSY does not make the unification work better

Unification “works” if it is internally consistent,accommodates all existing data
and provides testable predictions (typically BNV)

SUSY GUTs have trouble with perturbativity, initial conditions, Planck-
scale effects and, thus, with uncertainties in p-decay predictions

SU(5) 1 current limits
SU(5) 2 ;
SO(10)  [1]  »' - Ky
SO(10)  [3] O
lifetime [years]: 1048 1032 | 1036 1020

1] Pati, hep-ph/0507307

2] Murayama, Pierce, PRD 65. 055009 (2002)

3] Dutta, Mimura, Mohapatra, PRL 94, 091804 (2005)
...and many more.
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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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1983-1985 - first phase (proton decay focused)

1987-1990 - solar neutrino deficit measurements
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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

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
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Positron

" Proton
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Michal Malinsky, IPNP B and L violation in the SM and beyond



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

- Positron
- pion charge exchange .
- absorption e -

gamma
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Proton decay In water

“Golden channel’”: p — 7TO€+ 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 POS'“O"

- absorption
Proton

Other signals
- nuclear recombination - extra 6.3 MeV photon gamma

- neutron capture at a dope (Gd, ...)
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“Silver channel:

K+ _)“++v

Michal Malinsky, IPNP

Proton decay In water

p— KTv ok = 340 MeV

Br = 63.5% K ="+ n’
Vv /‘\ u
“---=== -o >
oy
p, = 236MeV/c

B and L violation in the SM and beyond

Br = 20.7%




Proton decay In water

“Silver channel”> p — KTv pk = 340 MeV  Kaons don't shine !
Kf = u*+v [Br=63.5% Kt —=n*+ 70 [Br=20.7% v
v m b
“---==- -0 > &> =
p. = 236MeV/c b, = 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
R T Q>
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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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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Backup slides



Sample 2-loop running
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Sample 2-loop running

Note the “triangle of death”
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