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Proton decay
from the GSVWV Standard model perspective



The SM lagrangian

Lo = —38,9:0,9, — 91090 9,9 — 191 £ f " gp909590 — O WIFOW,T —
M2WIW, — 36,200, Z) — 5o M2 Z0Z) — 303 AvOu Ay — igew(OvZJ(WEW, — WHWT) —
ZoX(WHrow, — W oW + Z3(WHo W, — W 8,Wr})) —igsu(G, A, (WIW, —
WIWo)— A, (WHo,Wo — W8, W) + A, (WHO, W — W, a,Wi)) —
YPWEWIWIEW + 30 WEWWIW + g263,(Z0W Z0W, — ZRZIWFW,) +
gzsi,(.f-\“ " ,:"A,, W, —ALAWIFW) -l- _q;’swr'w(A,, Z,?("“;' W, — “",:*'“'“—) -

24, Z0WFW,; ) — 30,HOH — 2M?*c, H? — 8,6 0up™ — 30,¢°0,0° —

3, %{i + 29#” o %(112 + V0 4 20— )) + %ﬁiny, — gop M (113 + H P + 'ZH(,')*'(,')—) —
';".‘IQHh (H" 4+ (@2 + 4(Pptdp™)2 4 4(d0)2¢F ¢~ + 4H20 o + 2(¢° )21{2) - yi‘[”";*' H'"_H —
%l}(‘—?}-ZﬂZﬁH — %j!l (“'.‘:"((;")0()"(,")" - (,*)_'(),‘rf)u) - W ";"((,‘)UUI‘ Pt — (f)"'()“q")o)) +
%‘(/ (”""f(HO“q‘)_ —_— ()"H) -+ ”'I;— (I‘I()l‘(,*)+ - (,‘)+()“H)) -+ %5/#(22(”0"(;‘)0 — (,")Oi)“H) +-
M (2200,¢° + WO~ + W Oud™) — ig2e M ZO(Wir¢p~ — Wi d™) + igswMAu(Wi¢™ —
Wogt) — z‘g‘_g‘_?—;fuzg(cﬁo,,(p— — ¢~ O0up*) + igswAu (T O™ — P~ OupT) —
i-ygﬂ"‘;:"""’”— (H? + ()2 +2¢F¢7) — %,;‘2?‘52323 (H? + ()% +2(2s2, —1)29F ) —
%{]2%23(,*)0(“‘;?'(;‘)_ -+ "‘—”—q‘)"') — ,-5-?'.(]2%%“'-231‘{(1-";""(?)_ — ”“'}‘_Q‘)'*') -+ %{12.<,‘,A’,(:‘)0(“";;"<, R o
“'p_ o) + %inSg,,-A,.H(l“ '"+(,*)_ — ""’M_ff)'*') — !,2%(2('3, — I)ZS‘A{“(;}"'Q*)_ — ‘(]2.43,,4“‘4"(;‘)"'(3)_ +
%-i.gs /\ﬁ'j((']'f"y“qf)gz — N0 + m;\,_)(“’\ — MO + 777.;} o — ﬁ:}('}-(‘) + nz.;\‘ )u:} — rf?(*,(‘) + 7712})(1;‘ ==
ig8wAu (_((?Mw«\) + F(ayy"u)) — 3‘;((7?*."‘(19)) + L ZO(FA (1 4+ A5 ) + (@M (482, —
1 —°)e) + (@} (353 — 1 — ¥°)d}) + (@}y*(1 — 383, + 7v°)u})} +

S Wik (P (1 + A5V e™) + (@# (1 + 1°)Crndf) ) +

=1V, ((E-_'“l".lrp,'\.l\"_."(l +°0) + (d5ChH (1 + *.-“")U})) +

—-5”""\ wpt (—mE(GAUP) (1 — A5)e”) + md (P AUPy (1 + v2)er) +
’ ’ TS S o ¥ A -
2":,:5 b (Ill?(f_"\l-'lfpf\h.(l + ..!5)‘.,5) o ,”::(‘J\(; h}).t\x( , o= ,.."5),/A) — %-;-"-H(UAMA) —

A

l'\ - « A - 5 ] m - ” — -
%%H(’.l\l..\) + L'f_'.’"_f-(:)O("z\.!oV/\) o _;4#‘..,0('.,\.’01.,\) - %l/,\ ‘\I,\If‘ (1 —~5)0y —
) - - L ., = v 5 A & A = >
—‘?-M;v, (o (rrz}‘;(tl"}(’lx(l + “y")u";) - nlﬁ(d_”\(‘;&.(l - )u;) — g%‘-H(u? u?) - %%H(dgd}) -+

my A5 A my A5 A
l,g-n!(, O(u.7 f-"uJ-) — 5._{1-5-,‘-’-00((]]- ‘T’dj)

Michal Malinsky, IPNP Prague GUTs and all that...

Vienna, December | 2015 4 /many



The SM lagrangian
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The SM lagrangian

2—";%51-"[.? ((,7/\,.',.#(1 + A5 Ulery %) + (.I-L;\_,},p(l + "."5)0,\54'”)) 4
o (EUPa (L4920 + (ECHA (1 +45)u))) +
¢t (—mE(FAUIPe(1 = 75)e”) + mY (P UPp(1 +°)e”) +
T (’" (EUeP}, (1 + P)*) — mE@Uer] (1 - ’*,'5)1/“) 4L H (52 —

450 H(P ) + B3 00 (750 — 5500 (%) = §i ME (1= 95)i -

Lo\ ME (1= y5)0 + AL ( mf() Cru(1 — 7°)d5) + m(5)Chn(1 + ,5)d;-‘) +
= Y 2
2‘,\; =" ('m.d(d?C:{K(l + ’)"")u’-‘) - mg(d?C'IK(l — )u;) - %%H(&?u?) - %m H(ds\-dé\) +
l"' y A =

always a WW structure - B & L perturbatively conserved

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 5 /many



B & L violation in the SM

Only by anomalies (at the renormalizable level)

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

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

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

Kuzmin, V. Rubakov, M. Shaposhnikov, PLB155, 1985 Fukugita, Yanagida, PLB174, 1986
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B & L violation in the SM

Only by anomalies (at the renormalizable level)

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

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

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

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

neutrinos are massive, renormalizability may not be fundamental
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Perturbative L violation
in the SM with massive neutrinos



Standard model with massive neutrinos

neutron neutrality + neutrino masses
suggest

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

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 |
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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) e=—YyN

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

' ' — Foot, Lew,Volkas 199
Experimentally (neutron neutrality): |e| < 10 21 oot, Lew,Volkas 1993
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SM with massive neutrinos and quantized charges

Neutrinos should better not be Dirac!
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SM with massive neutrinos and quantized charges

Neutrinos should better not be Dirac!

_|_%MRZ] EZNR] —+ h.C. E. Majorana 1937

Majorana neutrino mass = perturbative L violation
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SM with massive neutrinos and quantized charges

Neutrinos should better not be Dirac!

—|—%MRZJ EZNRJ —+ h.C. E. Majorana 1937

Majorana neutrino mass = perturbative L violation

Seesaw:
* ,
‘\ NR II
Ly, Ly,

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

NB The first account of neutrino oscillations was indeed “L-violating™!

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

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

Muon neutrinos only in 1962 Lederman, Schwarz, Steinberger

[;}V‘fﬂo Mo nwies oppbm
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Lepton number violation in oscillations

NB The first account of neutrino oscillations was indeed “L-violating™!

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

Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591
Muon neutrinos only in 1962 Lederman, Schwarz, Steinberger
Diagrammatics: see e.g. E. Akhmedoy, J. Kopp, JHEP 1004 (2010) 008

F;}V‘f#o Mo nwesc gl
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Lepton number violation in oscillations

NB The first account of neutrino oscillations was indeed “L-violating™!

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

Kaon oscillations in 1957 M.L. Good, Phys. Rev. 106 (1957) 591
Muon neutrinos only in 1962 Lederman, Schwarz, Steinberger
Diagrammatics: see e.g. E. Akhmedoy, J. Kopp, JHEP 1004 (2010) 008
- +
F;}v%o Mo nwiex b la lﬂ

P— T ————

suppressed...

see e.g. Z-z. Xing, arXiv:1301.7654v2
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SM as an effective theory



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”...)

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 |4 /many



SM as an effective theory at d=6 level

X3 ('06 and (p4 D2 ¢2<p3
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Michal Malinsky, IPNP Prague

B. Grzadkowski et al.,

GUTs and all that...

Vienna, December | 2015
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SM as an effective theory at d=6 level

(LL)(LL) (RR)(RR) (LL)(RR)
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Qo | Bower)en(@o™u) || Quu e [(d2)TCuf] [(w3)7Ce,]

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

GUTs and all that...
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SM as an effective theory at d=6 level

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Lpyule) (™) Qee (Epyuer)(Es7 er) Qe (pvulr) (Esy*er)
@1 @We)@7e) || Qu | @) @rw) || Qu | Gyl (@7 ur)
& | @Wme)@7q) | Qu | (vud)drtd) || Qua | (vl sy de)
Ql(; ) (l-p')'ulr) (@7 ) Qeu (€pvuer) (Usy ue) Qe (@ 7u9r) (€7 er)
QY | G @ ') | Qea | (Evuer)(dsyds) o | (@) @ )
QW | (@) (deytdy) | @VT ) (@7 TAu,)
QY | (BpmuT4u,) @y T4dy) | Q% | (G7uar) (deydy)
QY | (@7.T*a:)([dy*TAdy)
(LR)(RL) and (LR)(LR) B-violating
Qiedg (Ber) (o) Quauq e [(d3)TCuf] [(¢7) Cl]
Qi | @uen(@d) || Quu e [(37)7Ca¥] [(u7)7 Ce]
QY | @TAu)ein(@T4d:) || QS Ee e mn [(427)TCaf¥] [(g7m)7 O]
Q. | (Berem(@ue) G| () n(rE)mn [(59)TC¥] [(am)7CH]
Qioys | Bouwer)esn(@ o™ u,) || Quu £987 [(d2)TCuf] [(ud)7 Cey)

GUTs and all that...

B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884
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Renormalizable dynamics behind the SM d=6 BNV!?

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

Elementary vertex:

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 | 7 /many



Renormalizable dynamics behind the SM d=6 BNV!?

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

Elementary vertex:

QED-like seed of
a renormalizable theory

Elementary vertices:

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 | 7 /many



Renormalizable dynamics behind the SM d=6 BNV!?

Example: (ds Cugr)(Qt C Ly)

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 |8/many



Renormalizable dynamics behind the SM d=6 BNV!?

Example: (d% C uR}éQg C'Ly)
Scalar exchange
(3,1,—3)® (3,1, +3)
A

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 |8/many



Renormalizable dynamics behind the SM d=6 BNV!?

Fierz

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

Scalar exchange
(37 17 _%) D (37 17 _l_%)
A

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 |8 /many



Renormalizable dynamics behind the SM d=6 BNV!?

Fierz

Example: (dy C UR%Q"E CLpL) ' [(UR)C%Q/((dR)C%L]
Scalar exchange Vector eXchange
(3,1,—2) @ (3,1, +3) (3,2,-2)® (3,2, +2)
A XH
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Renormalizable dynamics behind the SM d=6 BNV!?

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

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 |8 /many



Renormalizable dynamics behind the SM d=6 BNV!?

Fierz

Example: (d% C uR%Qg CLy) i [(uR)CWMQ/((dR)CWML]
Scalar exchange Vector eXchange
(3,1,—2) @ (3,1, +3) (3,2,-2)® (3,2, +2)
A XH
Proton instability:

new Yukawa interactions o new gauge interaction <

Useless without further info on the mediator masses and couplings...

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 |8 /many



Proton lifetime
experimental constraints |



First limits on proton lifetime

|950’s - M. Goldhaber

“Tickle in the bones” argument...

NB. Lethal dose about 10~ 1° MeV /y

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 20/many



First experiments

1954 - F. Reines, C.L. Cowan, M. Goldhaber

Reines, Cowan, Goldhaber, Phys. Rev. 96, 1157 (1954)  ——

Experiment in Savannah River, SC R~

I'16. 2. Sketch of detectors inside their lead shield. The detector
tanks marked 1, 2, and 3 contained liquid scintillator solution
which was viewed in each tank by 110 5-in. photomultiplier tubes.
The white tanks contained the water-cadmium chloride target,
and in this picture are some 28 cm deep. These were later replaced
by 7.5-cm deep polystyrene tanks, and detectors 1 and 2 were
lowered correspondingly. A drip tank, not shown here, was later
set underneath tank 3 in the event of a leak. Because of the weight
it was necessary to move the lead doors with a hydraulic system.

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 2 | /many



First experiments
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First experiments

1954 - F. Reines, C.L. Cowan, M. Goldhaber

‘ R T S
. &\ T e 2 , , el
Reines, Cowan, Goldhaber, Phys. Rev. 96, 1157 (1954) \///J/éﬁﬁﬂ“

Experiment in Savannah River, SC
2 METERS

e’
44444
.

- 300 liters of a liquid scintillator

- detecting muons from inside the apparatus

- background about 6 Hz (30 meters) =

I O O O O I I TS

T(pt) > 10%1y

I'16. 2. Sketch of detectors inside their lead shield. The detector
tanks marked 1, 2, and 3 contained liquid scintillator solution
which was viewed in each tank by 110 5-in. photomultiplier tubes.
The white tanks contained the water-cadmium chloride target,
and in this picture are some 28 cm deep. These were later replaced
by 7.5-cm deep polystyrene tanks, and detectors 1 and 2 were
lowered correspondingly. A drip tank, not shown here, was later
set underneath tank 3 in the event of a leak. Because of the weight
it was necessary to move the lead doors with a hydraulic system.
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First experiments

1954 - F. Reines, C.L. Cowan, M. Goldhaber

Reines, Cowan, Goldhaber, Phys. Rev. 96, 1157 (1954)

Experiment in Savannah River, SC
2 METERS

re'.
ooooo
.

- 300 liters of a liquid scintillator

- detecting muons from inside the apparatus

- background about 6 Hz (30 meters) \\‘

T(pt) > 10%1y

I'16. 2. Sketch of detectors inside their lead shield. The detector

tanks marked 1, 2, anc{1 3 c?(ngairlnleg Sliquidhscintillf.toi' solu{)ion

. . which was viewed in each tank by -in. photomultiplier tubes.

Neutrino dISCOVGI"y 1956 ! The white tanks contained the water-cadmium chloride target,

and in this picture are some 28 cm deep. These were later replaced

. , by 7.5-cm deep polystyrene tanks, and detectors 1 and 2 were

C.L. Cowan, F. Reines, F. B. Harrison, H.W. Kruse, lowered correspondingly. A drip tank, not shown here, was later

A.D. McGuire, Science 124 (1956) 103-104 set underneath tank 3 in the event of a leak. Because of the weight
o ’ it was necessary to move the lead doors with a hydraulic system.
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First experiments

1974 - F Reines, M. Crouch et al. F. Reines, M. Crouch, PRL 32, 493 (1974)

Case Western Reserve University - University of Witwatersrand - University
of California at Irvine deep under ground neutrino program

/- N
- |
't Rand 2 | .-4'. o'y
GoldMine | JL
,// (7
P,
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First experiments

1974 - F Reines, M. Crouch et al. F. Reines, M. Crouch, PRL 32, 493 (1974)

Case Western Reserve University - University of Witwatersrand - University
of California at Irvine deep under ground neutrino program

o ) 3200 m deep!!!
' : Pa
tRandg " o
Gold Mine (~ | muon background
- S S under control
.//, -:}'
=P, s
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First experiments

F. Reines, M. Crouch, PRL 32, 493 (1974)
1974 - F. Reines, M. Crouch et al. F. Reines et al., PRD 4, 80 (1971)

- primarily a detector of atmospheric neutrinos

FIG. 1. Sketch of the detector array. Approximate
array and element dimensions are given.
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First experiments

F. Reines, M. Crouch, PRL 32, 493 (1974)
1974 - F. Reines, M. Crouch et al. F. Reines et al., PRD 4, 80 (1971)

- primarily a detector of atmospheric neutrinos

- p-decay sighal = horizontal muon events
- exp. from atmospheric neutrinos: few/year

- atmospheric muon background suppressed: 10

FIG. 1. Sketch of the detector array. Approximate
array and element dimensions are given.
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First experiments

F. Reines, M. Crouch, PRL 32, 493 (1974)
1974 - F. Reines, M. Crouch et al. F. Reines et al., PRD 4, 80 (1971)

- primarily a detector of atmospheric neutrinos

- p-decay signal = horizontal muon events
- exp. from atmospheric neutrinos: few/year

- atmospheric muon background suppressed: 10

- compatibility with purely neutrino events:

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 23 /many

FIG. 1. Sketch of the detector array. Approximate
array and element dimensions are given.
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Michal Malinsky, IPNP Prague

The minimal SU(5) GUT

VoLuME 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).

g BK Al z R aRoc g S

. -"present a series osa- |

{ ulations leading inescapably to the conclusion
? that SU(5) is the gauge group of the world—that
¥ all elementary particle forces (strong, weak,

5

§ and electromagnetic) are different manifestations '

E of the same fundamental interaction involving a

§ single coupling strength, the fine-structure con- §

§ stant. Our hypotheses may be wrong and our

§ speculations idle, but the uniqueness and sim-

f; plicity of our scheme are reasons enough that it
vbe ta.ken serlously

Unlqueness of SU(5) @ rank—

GUTs and all that...

of the GIM mechanism with the notion of colored
quarks® keeps the successes of the quark model
and gives an important borius: Lepton and hadron
anomalies cancel so that the theory of weak and
electromagnetic interactions is renormalizable.’

The next step is to include strong interactions.
We assume that strong intervactions arve mediated
by an octet of neutval vector gauge gluons as-
sociated with local color SU(3) symmetry, and
that there are no fundamental strongly interact-
ing scalar-meson fields.” This insures that

Vienna, December | 2015
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The minimal SU(5) GUT

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

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

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

12w (¢) (2)

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

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

SUB3).@SU(2)L @U(1)y »  SU(H)

& (
Q.
wo
(V)
wo

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

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

»  SU(H)
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The minimal SU(5) GUT

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

SUB3).@SU(2)L @U(1)y »  SU(H)
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The minimal SU(5) GUT

Gauge sector: 24— (8,1,0)® (1,3,0) & (1, 1,0)&(3,2,~3) & (3,2.+)
AH
G W2y G A B X+
B
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The minimal SU(5) GUT

Gauge sector: 24— (8,1,0)® (1,3,0) & (1, 1,0)&(3,2,~3) & (3,2.+)
AH
G W2y G A B X+
B
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The minimal SU(5) GUT

Gauge sector: 24— (8,1,0)® (1,3,0) & (1, 1,0)&(3,2,~3) & (3,2.+)
AR
H 7 .
G i W=, Z,~ GH AM BH XK /
u 3 7TO
Scalar sector:  SU(3).® SU(2)L @ U(1)y — SU(3). @ U(1)q \l
H A
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The minimal SU(5) GUT

Gauge sector: 24— (8,1,0)® (1,3,0) & (1, 1,0)&(3,2,~3) & (3,2.+)
AH N
H 7 +
N B WA G" AP B" XH /
p+, : \
u 5 TrO
Scalar sector:  SU(3).®SU((2), @ U(1)y — SU(3). @ U(1)q \l

SM Higgs: 5=(1,2,+H) e 3,1, 1) /
H JAN p+, E A
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The minimal SU(5) GUT

Gauge sector: 24— (8,1,0)® (1,3,0) & (1, 1,0)&(3,2,~3) & (3,2.+)
AH
Gt W=, Z,~ G* AH B* XH
B

Scalar sector: SU3).®SU2), @ U(1l)y — SU3). U

(De
H A p+, 3 (
\
\

| =
GUT-breaking scalars: SU(5) — SU(3). @ SU(2)p @ U(1)y
24 =(1,1,0) ® (8,1,0) ® (1,3,0) (3,2, —2) ® (3,2, +2)
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The minimal SU(5) GUT

Gauge sector: 24— (8,1,0)® (1,3,0) & (1, 1,0)&(3,2,~3) & (3,2.+)
AH
Gt W=, Z,~ G* AH B* XH
B

Scalar sector: SU3).®SU2), @ U(1l)y — SU3). U

(De
H A p+, 3 (
\
\

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

Pure group theory, no dynamical picture yet...

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 27 /many



SM running gauge couplings



SM running couplings

Running gauge couplings in the SM: Gross,Wilczek, Politzer 1973
Georgi, Quinn,Weinberg 1974
“ g =5,
IudlLL T g?
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SM running couplings

Running gauge couplings in the SM: Gross,Wilczek, Politzer 1973
Georgi, Quinn,Weinberg 1974
“ g =5,
IudlLL T g?

3
g 11 2 G 1 G
b=z | —5CG) + 3 ) T (Rpy) + 5 ) T5(Ree) | +
Jw sc
~—
b
97 T
Bett dinates: i == = L 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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SM running couplings

Running gauge couplings in the SM

b 0 10 1
! 11 3 1 [ 3
by | =—— [ 2 2| 2 +-| 2
b : 2 S\ 0
3 gauge ferm. scal.
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SM running couplings

Running gauge couplings in the SM

b1 0
b = —— 2 + 2

60,

50

gauge

47

NOR O]
T

ferm.

|

O NN =

scal.

40|
30
201

10} 1

GUTs and all that...
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SM running couplings

Running gauge couplings in the SM

b 0 10 1
! 11 3 1 [ 3
by | =—— [ 2 2| 2 +-| 2
b : 2 S\ 0
3 gauge ferm. scal.
60,
, te

Ms ~ 101°GeV
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SM running couplings

Running gauge couplings in the SM

b 0 10 1
! 11 3 1 [ 3
by | =—— [ 2 2| 2 +-| 2
b : 2 S\ 0
3 gauge ferm. scal.

Ms ~ 101°GeV
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SM running couplings

Running gauge couplings in the SM

b 0 10 1
! 11 3 1 [ 3
by | =—— [ 2 2| 2 +-| 2
b : 2 S\ 0
3 gauge ferm. scal.
60,
, te

Ms ~ 101°GeV
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SM running couplings

Running gauge couplings in the SM d=6 BNV mediators
o1 11 (Y 3 1 %
by | =——=1[ 2 +2( 2 +-| 1
b . 2 S\ 0
3 gauge ferm. scal.
60,
| e

Ms ~ 101°GeV
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SM running couplings

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

25 10 1,1
by 11 [ 9% 3 1 [ 2t
1
b3 3+2 gauge - ferm. 0+ 2 scal.
(3,2,—3) ® h.c. (3,1,—3%)

Ms ~ 101°GeV
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SM running couplings

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

3 1
3h, (5 2 e
by | =—— | 5 +2] 2 +2( 1
b . 2 f
3 gauge ferm. 2 scal.

60,

~
@

Ms ~ 101°GeV
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SM running couplings

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

3 1
=b1 11 5 2 1 2
b2 =——1 5 +2 2 +—-1 s
3 3\ 1
b3 gauge - ferm. 2 scal.
single gauge
60 coupling like in an
| ; tG  asymptotically free
507 ' : gauge theory with a
| ! simple gauge
40) : group
301 | Mg~ 10*GeV
20| :
10, :
i t = 5=log —
I 27.(- M |
Z
1 2 3 4 5

GUTs and all that...
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SM running couplings

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

3 1
=b1 11 5 2 1 2
b2 =——1 5 +2 2 +—-1 s
b 3 9 31\ 1
gauge ferm. 2 scal.
single gauge
60 coupling like in an
| ; tG  asymptotically free
507 ' : gauge theory with a
| ! simple gauge
40) : group
301 | Mg~ 10*GeV
29| . this tells the
10 | '  mediator scale
f t = 5-log e ; and the gauge
e e Be2ns coupling!!!
1 2 3 4 5

GUTs and all that...

Michal Malinsky, IPNP Prague
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Proton lifetime
experimental constraints |



Proton decay searches ||

The proximity of the GQW result and the Reines, Crouch et al. limit:

5
I, ~ —2 < (10%0y)~! dsto M ~ 10'5 GeV !!!
P AN y corresponds to eV !!!
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Proton decay searches ||

The proximity of the GQW result and the Reines, Crouch et al. limit:

< (10°°%y)™"  corresponds to M ~ 105 GeV !!!

This triggered a proton decay rush!
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ASCENDING CHILCOOT PASS, MAY, 1808,



o

ASCENDING CHILCOOT PASS, MAY, 1808,



rush for a large WC

detector

ASCENDING CHILCOOT PASS, MAY, 1808,



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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68 MeV
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Proton decay in water

“Golden channel”: p — mle™ Pri = Pe = 459 MeV
7TO — 2’7 Py/n(rest) = 68 MeV

Main background: vN — Ne' + #m inelastic CC scattering of atmospheric neutrinos

gamma

Positron

- Proton

gamma
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Proton decay in water

“Golden channel”: p — mle™ Pri = Pe = 459 MeV
7TO — 2’7 Py/n(rest) = 68 MeV

Main background: vN — Ne' + #m inelastic CC scattering of atmospheric neutrinos

Other complication - nuclear effects

gamma
- majority of nucleons in oxygen
- Fermi motion [\
- pion charge exchange Positron 20 !
. \ el --.~--"_‘,-
- absorption < "‘
U Proton /

\

gamma
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Proton decay in water

“Golden channel”: p— et Pr = Pe = 459 MeV
7TO — 2’7 Pv/n(resty = 68 MeV

Main background: vN — Ne' + #m inelastic CC scattering of atmospheric neutrinos

Other complication - nuclear effects

gamma
- majority of nucleons in oxygen

- Fermi motion
- pion charge exchange Positron

- absorption g
.~ Proton

Other signals

- nuclear recombination - extra 6.3 MeV photon gamma

- neutron capture at a dope (Gd,...)

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015
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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*+vV [Br=63.5% Kt — n*+ 10 [Br=20.7% v
€-mmmn- “D— > Q>
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*+vV |Br=63.5% Kt — n*+ 10 [Br=20.7% v
\% ( u .,:
“-mne- — | > -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

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 38/many



First large water-Cherenkov detectors

KamiokaNDe
Kamioka-cho, Gifu, Japan

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

1989 |7, > 2.6 x 10°% yr
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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)

1989 |7, > 2.6 x 10°% yr

987-1990 - solar neutrino deficit studies

990 Solar neutrino deficit confirmation

2002 Nobel prize for Masatoshi Koshiba

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 39 /many
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SN neutrinos in KamiokaNDe

Time(Second)
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Future!?

Large volume p-decay searches proposals
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The prospects of getting the Hyper-K built are improving...
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The prospects of getting the Hyper-K built are improving...
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Hyper-K

® The HK/T2HK collaboration is excited and active

e MOU signed on January 31 2015

® The european part of the collaboration is just forming

® R&D funding secured (both the HK and T2K/J-PARC upgrade)
® A lively discussion about the near detector

® some 2 years delay w.r. to the LOI, realistic starting date 2025(?)

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 47 /many
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Hyper-K

® The HK/T2HK collaboration is excited and active

e MOU signed on January 31 2015

® The european part of the collaboration is just forming

® R&D funding secured (both the HK and T2K/J-PARC upgrade)
® A lively discussion about the near detector

® some 2 years delay w.r. to the LOI, realistic starting date 2025(?)
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Regardless of what happens...

Hyper-K p-decay sensitivity projection
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Abe et al., arXiv:1109.3262 [hep-ex]
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Accuracy of a factor of few in [, estimates needed to make a case !
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Regardless of what happens...

Hyper-K p-decay sensitivity projection
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Abe et al., arXiv:1109.3262 [hep-ex]

Accuracy of a factor of few in [, estimates needed to make a case !
(At least) NLO theory precision required
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M.lkeda for SK @ NNN2015 @ StonyBrook

Total momentum (MeV/c)

Results of p2>utmd

(analysis proceeds as with e*n® with additional requirement of 1 Michel-e)

g

Total momentum (MeV/c)

T T

° 306.3 kton-yrs (SKI-IV)

(220kt-yrs in PRD)

* signal g(P,,,<250MeV/c): 30-40%
* total expected #BKG:

* P,,<100: ~0.05, 100<P, ,<250: ~0.82

* no significant data excess
©/B,s 0> 7.78 X 10°* years (90% CL)

Blue: Signal MC

} Super-Kamiokande IV Signal MC
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Regardless of what happens...

Optimistic scenario: Day |

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 50 /many



Regardless of what happens...

Optimistic scenario: Day 2
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Regardless of what happens...

Optimistic scenario: Day 3

Are we in a position to discriminate among different GUTs ?

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 52 /many



Proton lifetime estimates in GUTs



Proton lifetime estimates in GUTs

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

lifetime [years]: 1028 1032 103° 1040

Georgi, Quinn,Weinberg, PRL 33,451 (1974) Lee, Mohapatra, Parida, Rani, PRD 51 (1995)
Dorsner, Fileviez Perez, NPB 723, 53 (2005) Pati, hep-ph/0507307

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

DLW N =
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Proton lifetime estimates in GUTs

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

lifetime [years]: 1028 1032 1036 1040

Georgi, Quinn,Weinberg, PRL 33,451 (1974) Lee, Mohapatra, Parida, Rani, PRD 51 (1995)
Dorsner, Fileviez Perez, NPB 723, 53 (2005) Pati, hep-ph/0507307

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

DLW N =
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Main theoretical uncertainties in p-decay estimates in GUTs
B Hadronic matrix elements

B GUT-scale ( = effective mediator mass) determination
¢ one- vs. two-loop running (or even higher?)
e scalar spectrum & threshold effects

e Planck-scale effects
- gauge kinetic form = matching
- effective cut-off in GUTs

B Flavor structure of the B & L violating currents
e Yukawa sector fits

¢ Planck-scale effects
- scalar & fermionic kinetic forms = matching
- higher-order operators



Main theoretical uncertainties in p-decay estimates

GUT scale determination iy
r d
- at least two=loop running necessary! y 2 -
\ u %
49, \] 0
! u
48
46/ i 5
| Mg :
45| ajg - >
44: R S : ,,,,,,,, Io.gmu.[qe\./] Credit: H. Kolesova

16.4 16.6 16.8 17.0 17.2 17.4

- requires a very good understanding of the entire spectrum
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Main theoretical uncertainties in p-decay estimates

d
P
\f] 0
g° — g T
Example: M—zcijk ucyHd; d§7uyk Cijrk = (VJCVd)ji(VJCVy)lk
1/6

- RH rotations enter here
- simple Yukawa sector desirable!

- some channels are more “robust’” than others

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 57 /many



Main theoretical uncertainties in p-decay estimates

Hadronic matrix elements

Matrix element Wo(u = 2GeV) GeV? (%) Total error

(m%|(ud) ruL|p) —0.103 (23) (34) 40 1
(x°|(ud) uzlp) 0133 (29) (28) 30 |
(7 |(ud) rdL|p) —0.146 (33) (48) 40
(m|(ud)dr|p) 0.188 (41) (40) 30
(K°|(us)rurlp) 0.098 (15) (12) 20
(K°|(us)Lurlp) 0.042 (13) (8) 36
(K™ |(us)rdL|p) —0.054 (11) (9) 26
(K*|(us)dr|p) 0.036 (12) (7) 39
(K*|(ud)gsL|p) —0.093 (24) (18) 32
(K*|(ud)sclp) 0.111 (22) (16) 25
(K*|(ds)ruc|p) —0.044 (12) (5) 30
(K™*|(ds)Lur|p) —0.076 (14) (9) 22
(nl(ud)ru|p) 0.015 (14) (17) 147
(nl(ud)Lurlp) 0.088 (21) (16) 30

Y.Aoki, E. Shintani,A. Soni, Phys.Rev. D89 (2014) 014505 (lattice)

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 58 /many



Main theoretical uncertainties in p-decay estimates

“Gravity smearing” effects

Larsen, Wilczek, NPB 458,249 (1996) K ,
G.Veneziano, JHEP 06 (2002) 051 R Y V2% < > d
Calmet, Hsu, Reeb, PRD 77, 125015 (2008) L"’ > A F @ F,UJ/ pjL | =
G. Dvali, Fortsch. Phys. 58 (2010) 528-536
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- uncontrolled + inhomogeneous shifts in the gauge matching, Aozi_l ~ 1
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Main theoretical uncertainties in p-decay estimates

“Gravity smearing” effects

Larsen, Wilczek, NPB 458,249 (1996) K ,
G.Veneziano, JHEP 06 (2002) 051 R Y V2% < > d
Calmet, Hsu, Reeb, PRD 77, 125015 (2008) L"’ > A F @ F,UJ/ pjL { =
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

- uncontrolled + inhomogeneous shifts in the gauge matching, Aozz._l ~ 1

49
48
47+ GJ W :
46 ; 5
: Mg :
45+ 0; E‘ ’E
E E log,ju[GeV]
44 2 3 ) [ e T ] S D e [ T L 1 h L L J

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

“Gravity smearing” effects

Larsen, Wilczek, NPB 458,249 (1996) K ,
G.Veneziano, JHEP 06 (2002) 051 R Y V2% < > d
Calmet, Hsu, Reeb, PRD 77, 125015 (2008) L"’ > A F @ F,UJ/ pjL { =
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

in principle orders
of magnitude uncertainty in Mg!

R, SR

Iog,d'p[GeV]
16.4 16.6 16.8 17.0 17.2 17.4
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Main theoretical uncertainties in p-decay estimates

“Gravity smearing” effects

Larsen, Wilczek, NPB 458,249 (1996) K ,
G.Veneziano, JHEP 06 (2002) 051 R Y V2% < > d
Calmet, Hsu, Reeb, PRD 77, 125015 (2008) L"’ > A F @ F,UJ/ pjL { =
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

in principle orders
of magnitude uncertainty in Mg!

No point in trying @ NLO
without taming these!!!

4,
16.4 16.6 16.8 17.0 17.2 17.4

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 59 /many



VVhat to do about the Planck-scale effects (in matching)?

L3 %F“”(@)Fw

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

L3 %F“”(@)Fw

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

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

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

L3 %FW@)FW

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

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

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

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

these, however, are the “usual” choices (though not minimal)...

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 60 /many



Minimal “reasonably calculable™ unifications



The minimal SO(10) GUT



The minimal SO(10) Higgs model

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 )

e {16} (1,2,4)

'

0 (10) e——cX it e G
S 10 & - >— ——
{54} e 27T {as} (,1,15) 19 of

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015



The minimal SO(10) Higgs model

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

‘A

Mc=M <
. G WMRY

{210} (1,3,15)

MR°

\

G . —
“% e} 1,300 ) 7P

4’@ (16} (1,2,4)

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

SO (10) e > G
{54} (LLN+
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Taming Planck effects in gauge matching in minimal SO(10)

L3 %F“”(%)Fw — 0

The leading Planck-scale effects in gauge matching
absent from SO(10) GUTs broken by 45!
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The minimal SO(10) Higgs model

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

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

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

“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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The minimal SO(10) Higgs model

“Ruled out” in 1980’s

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

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

Aaarrrggh... tachyonic spectrum unless 1 < |wy /wg| < 2
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SU(5)-like vacua only, not far from the “SM running”!
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The minimal SO(10) Higgs model

“Ruled out” in 1980’s

2 _
m(&l,O) = 2as(wr —wy)( 2wy )
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erendi ' Buccell 83, Babu, Ma 1985
onic spectrum unless 2 < |wy /wgr| < 2

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

Quantum salvation of the 45-broken SO(10) Higgs model

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

Quantum salvation of the 45-broken SO(10) Higgs model

One-loop effective potential: ~ ¢-----.- — ¢
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\\\ : e ‘X- e \ ,,' \\\ /l
6 N U s ¢ . — : S ¢
B\ B g° g’

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

Quantum salvation of the 45-broken SO(10) Higgs model
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The minimal SO(10) Higgs model

Quantum salvation of the 45-broken SO(10) Higgs model
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Towards a consistent & potentially realistic SO(10) scenario

“Consistency is the last refuge
of people without imagination”

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

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

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

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

multiple Yukawa finetuning?

Enough to make the single fine-tunning elsewhere.

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

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

Example: light (8,2,4+2) @ NLO  Bercolini, Di Luzio, MM, PRD 85,095014 (2012)

17 H. Kolesova, MM, PRD 90, 115001 (2014)
e I wR[GeV]

L

Hyper-K 2040 [l » =20 x 10"y
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Towards a consistent & potentially realistic SO(10) scenario

Example: light (8,2,4+2) @ NLO  Bercolini, Di Luzio, MM, PRD 85,095014 (2012)
H. Koleova, MM, PRD 90, 15001 (2014)

Hyper-K 2040 [l = = 2.0 x 107y

- T, > 9.0 x 103y

| 7 213 %10y

M(8,2,+3)[GeV]
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Minimal flipped SU(5) UT

a case for radiative neutrino mass generation



A brief flipped SU(5) recap
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A brief flipped SU(5) recap

SO(10) D SU(5) x U(l)z

1657 2 (10, —I—l)M D (5, —3)M D (1, —|—5)M

2 possible hypercharge assignments:
Standard: Y = Ty uc, Q, e dc, L Ve
Flipped: Y = 1(Z —Th) d°,Q,v° u’, L e’

Symmetry breaking:

16 3 (10,41)g  SU(5) x U() to the SM
10g > (5,=2)m SM to the QCD x QED
Gauge sector: 454 3 (24,0)¢ @ (1,0)¢
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A brief flipped SU(5) recap

SO(10) D, SU(5) x U(I)z

1657 2 (10, —I—l)M D (5, —3)M D (1, —|—5)M

2 possible hypercharge assignments:
Standard: Y = Ty uc, Q, e dc, L Ve
Flipped: Y = 1(Z —Th) d°,Q,v° u’, L e’

Symmetry breaking:

167 > (10,4+1) g SU(5) x U(I) to the SM
10m 3 (5, =2)m SM to the QCD x QED
XY’
Gauge sector: 454 3 (24,0)¢ @ (1,0)¢ > (3,2, — %) + h.c.
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A brief flipped SU(5) recap

- unification is not “Grand”, just SU(3) x SU(2)

the VEV of (10,+1) = the mass of the X',Y’ bosons - predictive!
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A brief flipped SU(5) recap

- unification is not “Grand”, just SU(3) x SU(2)

the VEV of (10,+1) = the mass of the X',Y’ bosons - predictive!
60

50 | _ 9
; 41
40|

30}
20 |

10} 1

L

or My
1 2 3 4 5
- monopoles absent 7 (SU(5) @ U(1)/SU(3) @ SU(2) @ U(1))
= mo(SU(5)/SU(3) ® SU(2))
=m(SUB) @ SU(2)) =0
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Taming Planck effects in gauge matching in the flipped SU(5)

The leading Planck-scale effects in gauge matching
absent from the flipped SU(5) UT broken by (10,+1)!
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The minimal flipped SU(5) flavor structure

rather different from the standard SU(5) one
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The minimal flipped SU(5) flavor structure

rather different from the standard SU(5) one

Mg=M; <Yy M,= M,PT x Y= M, x Yy arbitrary MM =0
down-quark mass matrix is independent - unlike in SU(5) - and symmetric!
T'(p— Kt7) =0

mp

8 f2

4
A%lal?(14+ D + F)? (9—G>

L'(p—7'D) = v
G
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The minimal flipped SU(5) flavor structure

rather different from the standard SU(5) one

M, = Mg x Yo M, = M,PT x Yz M, x Y7 arbitrary (Miw — OJ

down-quark mass matrix is independent - unlike in SU(5) - and symmetric!

mp

8 f2

4
A%lal?(14+ D + F)? (9—G>

L'(p—7'D) = v
G

clearly incomplete: neutrinos massive, but heavy & Dirac
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The minimal flipped SU(5) flavor structure

504 usually added to generate RH neutrino masses/seesaw at tree level...
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The minimal flipped SU(5) flavor structure

504 usually added to generate RH neutrino masses/seesaw at tree level...

I'(p — woej;) . 1 2 2
Tlp = 7)) §|(VCKM)11| (UninsUy)atl

mY; = U,TD,U, in the up-diagonal basis
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The minimal flipped SU(5) flavor structure

504 usually added to generate RH neutrino masses/seesaw at tree level...

(p—o7ied) 1 2 2
Fo oy = 5l (VeranulP|Uhs U)o

mY; = U,TD,U, in the up-diagonal basis

- in this approach U, is an independent structure

- little grip on the charged lepton channels
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Witten’s loop in the SO(10) GUTs

NEUTRINO MASSES IN THE MINIMAL O(10) THEORY * Phys. Lett. B91 (1980) 81

Edward WITTEN !
Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA

Received 6 December 1979

Neutrino masses are discussed in the context of the O(10) grand unified theory. In the “minimal” form of this theory,
with minimal Higgs and fermion content, the right-handed neutrinos acquire masses at the two loop level. The left-handed
neutrino masses are correspondingly larger by a factor roughly (a/m)~2 than they would be if the right-handed neutrino
could acquire mass at the tree level. In the simplest form of this theory, the neutrino mass matrix is proportional to the up
quark mass matrix, and the neutrino mixing angles equal the usual Cabibbo angles. The neutrino masses will be roughly in
the range 10°*2 ¢V depending on the strength of O(10) symmetry breaking, and on certain unknown ratios of masses and
couplings of superheavy particles.
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Witten’s loop in the SO(10) GUTs

- the structure is pretty unique:
need to mimic 1264, i.e., 5-index tensor with fields coupled to |6m

these are |0nH, 45, the former has | and the latter has 2 indices

|04 X 45¢ x 45¢
é Z
(16,5)-
$ . A+ CROSSED
(10,5) (45,10) (45,10)
VR VR
S gpmt > > B g
(16,1 (16,5 (16,10) (6.1,
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Witten’s loop in the SO(10) GUTs

- not many true applications though!

1980: GUT scale known to be well above 104 GeV

one-step unification OK

mid 1980’s: one-step unification failure

TeV-scale SUSY comes to rescue

é Z
(16,5)-
@\ x
¢ . n  + CROSSED
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Witten’s loop in the SO(10) GUTs

... yet several brave people have considered it...

Michal Malinsky, IPNP Prague GUTs and all that... Vienna, December | 2015 79/many



Witten’s loop in the SO(10) GUTs

... yet several brave people have considered it...

Extremely split SUSY: SUSY scalars at the GUT scale
one-step unification
loops not killed by SUSY

Bajc, Senjanovic, Phys. Lett.B610 (2005) 80

(164) (165) (164) (164)

1~611 164

104

-------T----
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Witten’s loop in the flipped SU(5)

C.Arbelaez Rodrigues, H. Kolesova, MM, PRD 89,055003 (2014)
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Witten’s loop in the flipped SU(5)

C.Arbelaez Rodrigues, H. Kolesova, MM, PRD 89,055003 (2014)

- works from scratch even in the minimal setting

- the VEV cares only about the SU(3) x SU(2) unification scale

- there neutrino flavor structure correlated with quarks
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- works from scratch even in the minimal setting
- the VEV cares only about the SU(3) x SU(2) unification scale

- there neutrino flavor structure correlated with quarks

Given Uy there would be a prediction for ALL proton decay channels!!!
F(p — 71'0622) F(p — 71""7) F(n — W_K&F) F(n — 7T07)
I'(p— K% T'(p— Kty) T(n— K ¢}) T'(n— K°D)

I(p—ntl) ['(n — nv)
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Witten’s loop in the flipped SU(5)

C.Arbelaez Rodrigues, H. Kolesova, MM, PRD 89,055003 (2014)
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Witten’s loop in the flipped SU(5)
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Witten’s loop in the flipped SU(5)
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Witten’s loop in the flipped SU(5)

dgl0g 10y % \*- ) ’IOE- _ ( p g
5*.' 2¢, 24
0
10a7Y101005H Yl()\. 9 oY
—_—— < <
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1 = (g g ]
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MM = < ) g* Yio K(...)
1672 M2,

K(...) is an order | factor depending on the details of the heavy spectrum
MM, Catarina Simoes, work in progress
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Perturbativity & stability constraints

C.Arbelaez Rodrigues, H. Kolesova, MM, PRD 89,055003 (2014)

The scalar spectrum:

Vo= omigTr(10}105) +mE5] 5 + 7 (1 einm 10 1055™ + hc) +

2
1
+ AT} 104)]? + Ao Tr(10}; 10510, 105) + Aa(55m)° +

1
+ 5A4'1*1~(10];,10H)(5}7,511)2 + A550,10510% 55
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The scalar spectrum:
1

1 ..
Vo= omigTr(10}105) +mE5] 5 + 7 (1 einm 10 1055™ + hc) +

1
+ AT} 104)]? + Ao Tr(10}; 10510, 105) + Aa(55m)° +

1
+ 5A4'111~(101;7,10H)(5}7,511)2 + As555,10510%, 55

m? = 0, i=1,...,16,
2 (A +25)°] 5
= |4)\; —
my7 3 M 1 20 v,
m2s = 4(\ +2X\) V3,
m? = —(2)\2+%>\5)V§—\/(QAQ—%A5)2V§+4MQ, i=19,...,24,
m? = (20 3A)VE+/(2Xe — IA)2V2 +4p?, i=25,...,30.
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Perturbativity & stability constraints
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The scalar spectrum:

v
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= (2o + BNV /(200 — IA5)2V2 + 42, i=125,...,30.

GUTs and all that...

|6 real Goldstones as expected
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The scalar spectrum:

v
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Perturbativity & stability constraints

C.Arbelaez Rodrigues, H. Kolesova, MM, PRD 89,055003 (2014)

The scalar spectrum:
1

1 ..
Vo= omigTr(10}105) +mE5] 5 + 7 (1 einm 10 1055™ + hc) +

1
+ AT} 104)]? + Ao Tr(10}; 10510, 105) + Aa(55m)° +

1
+ 5A4f1*1~(10j,7,10H)(5}7,511)2 + A550,10510% 55

m? = 0, i=1,...,16, < 16 real Goldstones as expected
A+ Ag)?
mi; = 4>\3—(4+ 5)]’027 :
A1+ 22X the potential tachyon
mis = 4\ +2X)VE, /
m; = —(2h+ i)V — \/(2)\2 — INs)2VE +4p2, i=19,...,24,
m? = (20 3A)VE+/(2Xe — IA)2V2 +4p?, i=25,...,30.

The QCD x QED vacuum is unstable unless ,u2 < )\2)\5‘/(%
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Only some Uy s allowed!

m, 0 0 1010—° 0 0 m, 0 0
0 m. 0 |U 0 10101 0 Ul 0 m. 0 | <10™GeVK
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Proton decay to neutral mesons+charged leptons

This should be superimposed over the observable(s) of our interest ...

[(p = m%") + [(p = TU7)
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Proton decay to neutral mesons+charged leptons

This should be superimposed over the observable(s) of our interest ...

[(p — %) + [(p = T°U7)

the minima of the sum of the matrix elements

L(p — 74%) oc |(Verrns U )atl?

012-dependent, analytic minimization with respect to 0,
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Proton decay to neutral mesons+charged leptons

Superimposing the two: [(p = T%"*) + ['(p = TT°U*) in the perturbative mode
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Proton decay to neutral mesons+charged leptons

Superimposing the two: [(p = T%"*) + ['(p = TT°U*) in the perturbative mode
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Proton decay to neutral mesons+charged leptons

Impossible to have both ['(p = T1%*) and '(p — TTu™)
arbitrarily suppressed in the perturbative regime !
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Conclusions / outlook

Proton decay is a classical yet still thrilling BSM signal
Lots of money/efforts spent in 6 decades of its searches

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

The long-ago cursed (but recently resurrected)
SO(10) GUT broken by the adjoint is a robust scenario!

Flipped SU(5) may be more predictive than expected!

Thanks for your kind attention!



