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1A VIIIA
1A 8A
1 Periodic Table of the Elements 2
H s 13 14 15 16 17 He
Hydrogen A A IVA VA VIA VIIA Helium
1.008 2A 3A 4A 5A 6A 7A 4.003
3 4 5 6 7 9 10
Li | Be B C \ O F | Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9.012 10.811 12.011 14.007 15.999 18.998 20.180
11 12 13 14 15 16 17 18
Na Mg 3 4 5 6 7 2 9 10 11 12 Al Si P S Cl Ar
Sodium Magnesium 1]} IvB VB viB viiB vill IB 1B Aluminum Silicon P Sulfur Chlorine Argon
22990 [ 24.30 38 4B 58 P ey 'd 8 N 18 28 26982 | 28086 | 30974 | 32066 | 35453 | 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K|Ca|Sc| Ti|V |Cr {Mn|Fe|[Co| Ni [Cu|[Zn|Ga| Ge| As | Se | Br | Kr
Potassium Calcium Scandium Titanium Vanadium Chromium nganese fron Cobait Nickel Copper Zinc Gallium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.867 50.942 51.996 54.938 55.845 58933 58.693 63.546 65.38 69.723 72.631 74.922 78.971 79.904 84.798
37 38 39 40 41 42 43 44 45 46 47 48 49 51 52 53 54
Rb| Sr| Y | Zr|{ Nb|Mo| Tc | Ru| Rh | Pd| Ag| Cd | In Sn Sb|Te | | | Xe
Rubidium Strontium Yttrium Zirconium Niobium Molybdenum || Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Antimony Tellurium lodine Xenon
84.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112414 114.818 113 M1 121.760 1276 126.904 131.294
55 56 57-71 72 73 74 75 76 77 78 79 80 81 83 84 85 86
Cs | Ba Hf | Ta| W[ Re | Os | Ir | Pt | Au| Hg | TI Pb Bi | Po| At | Rn
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.905 137.328 17849 || 180.948 183.84 186.207 190.23 192217 195.085 196.967 200.592 204.383 207.2 208.980 | [208.982) || 209.987 222.018
87 [T) 89-103 |[104  |105 106 107 108 109 110 111 (112 113 114 115 116 117 118
Fr | Ra Rf | Db g Bh | Hs | Mt | Ds | Rg| Cn |Uut| FI |Uup| Lv |Uus|Uuo
Francium Radium Se Hassium Meltnenum Roentgenlum Copemicium || Ununtrium i Unun m|| Livermorium || Ununseptium || Ununoctium
223.020 226.025 lr [261) | [262] [264] [269) ||°° [277 unknown [289) unknown [298) unknown | unknown
57 58 59 60 |61 62 |63 |64 |65 67 | 68 |69 70 71
tanthanide | |3 | Ce | Pr | Nd |Pm|[Sm| Eu| Gd| Tb vyiHo| Er [ Tm| Yb | Lu
Lanthanum Cerium rase Neodymium || Promethium || Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144.243 144.913 150.36 151.964 157.25 158.925 162.500 164.930 167.259 168.934 173.055 174.967
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
e |Ac| Th|Pa| U | Np{Pu|Am|Cm | Bk | Cf | Es | Fm | Md | No | Lr
Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Califomnium || Einsteinium Fermium Mendelevium|| Nobelium Lawrenci
227028 | 232038 | 231.036 | 238029 | 237.048 | 244.064 243.061 247.070 247.070 251.080 [254) 257.095 258.1 259.101 [262)
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Standard model matter fields

SU(g)C X SU(Q)L X U(l)y

leptons quarks
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Standard model matter fields

SU(B)C X SU(Q)L X U(l)y

leptons quarks
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Standard model matter fields

SU(B)C X SU(Q)L X U(l)y

leptons quarks

SU(3) triplets SU(3) triplets
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Standard model matter fields

SU(B)C X SU(Q)L X U(l)y
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Standard model matter fields

SU(B)C X SU(Q)L X U(l)y

leptons quarks

X e
X X

No right-handed
neutrino components ?!
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Standard model matter fields

SU(B)C X SU(Q)L X U(l)y

leptons quarks

RIS R
N e R R
X XS] PRI

No right-handed
neutrino components ?!

Neutrinos are VVeyl spinors in the SM!

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



The likely course structure

Massive neutrinos - Dirac or Majorana?
- charge quantization in the SM with massive neutrinos

- B-L rules it all
- seesaw models, underlying dynamics, colliders?
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The likely course structure

Massive neutrinos - Dirac or Majorana?
- charge quantization in the SM with massive neutrinos

- B-L rules it all
- seesaw models, underlying dynamics, colliders?

Extended gauge symmetries?
l. Structural aspects

- B-L symmetry reloaded

- LR models, parity restoration, B-L as 4th color
Il. Scales

- low-energy hints of a large BSM scale

- theories with vastly different scales, decoupling, EFTs
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The likely course structure

Massive neutrinos - Dirac or Majorana?

- charge quantization in the SM with massive neutrinos
- B-L rules it all

- seesaw models, underlying dynamics, colliders?

Extended gauge symmetries?
l. Structural aspects
- B-L symmetry reloaded

- LR models, parity restoration, B-L as 4th color
Il. Scales
- low-energy hints of a large BSM scale

- theories with vastly different scales, decoupling, EFTs

Very large scale dynamics?
- B & L violation in the SM @ d=6, mediators, SU(5)

- Neutrinos in SO(10) GUTs
- What else! Proton decay? Topological defects!?
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Massive neutrinos - Dirac or Majorana!’



Standard model matter fields

All charged matter fields in the SM are 4-component Dirac spinors
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Standard model matter fields

All charged matter fields in the SM are 4-component Dirac spinors

Dirac mass term: m Y ¢'r + h.c.
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Standard model matter fields

All charged matter fields in the SM are 4-component Dirac spinors

Dirac mass term: m Y ¢'r + h.c.

How about simply adding a RH neutrino component and going home?
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Standard model matter fields

All charged matter fields in the SM are 4-component Dirac spinors

Dirac mass term: m Y ¢'r + h.c.

How about simply adding a RH neutrino component and going home?

This is actually far from trivial...

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Charge quantization in the old good SM
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Charge quantization in the old good SM

1 L-R _
Tr ({T,, T} T.) Fg,,FbW

A, x

272
Little trick: stick to SU(2)xU( 1) and consider Yukawa interactions
SU(2)2 U(l): 6Yy +2Y, =0

U(1)3: 12Y5 +4Y} — 6Y) — 6Y — 2V =0
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Charge quantization in the old good SM

1
272

L-R _
A, Tr ({T,, Ty }Te) F, F*

Little trick: stick to SU(2)xU( 1) and consider Yukawa interactions
SU(2)2 U(l): 6Yy +2Y, =0

U(1)3: 12Y5 +4Y} — 6Y) — 6Y — 2V =0

—YQ—I—YD—I—YHZO —YQ—I—YU—YHZO —Y;, +Ye+Yyg =0
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Charge quantization in the old good SM

1
272

L-R -
A, Tr ({T,, Ty }Te) F, F*

Little trick: stick to SU(2)xU( 1) and consider Yukawa interactions
SU(2)2 U(l): 6Yy +2Y, =0

U(1)3: 12Y5 +4Y} — 6Y) — 6Y — 2V =0

—YQ—I—YD—I—YH:O —YQ—I—YU—YHZO —Y;, +Ye+Yyg =0

Solution: YQ:—I—%,YU:—I—%,YD:—l YL:—l Y =-1

Charge quantization in the SM'is a consequence of anomaly: cancellation!

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Charge de-quantization in the SM with Dirac neutrinos

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

Assume that there is a RH neutrino component added to the SM: Nz = (1,1,Yn)

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Charge de-quantization in the SM with Dirac neutrinos

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

Assume that there is a RH neutrino component added to the SM: Nz = (1,1,Yn)

SU(2)2 U(1): 6Y, +2Y;, = 0

U(I1)3: 12Y§5 + 4Y) — 6Y7 — 6Y — 2Yp —2Yy =0
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Charge de-quantization in the SM with Dirac neutrinos

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

Assume that there is a RH neutrino component added to the SM: Nz = (1,1,Yn)

SU(2)2 U(1): 6Y, +2Y;, = 0

U(I1)3: 12Y§5 + 4Y) — 6Y7 — 6Y — 2Yp —2Yy =0

Yukawas:  Yp;;Qr;(H)Dr,+Yri;Qr,(H)Ur;+Ygi; Lr;(HYER; +Yn; Lr;(H)Ng;

—YQ+YD—|—YH:O —Y;, +Yer+Yyg =0
—YQ+YU—YH:0 —Y;, +Yn — Yy =0
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Charge de-quantization in the SM with Dirac neutrinos

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

Assume that there is a RH neutrino component added to the SM: Nz = (1,1,Yn)

SU(2)2 U(1): 6Y, +2Y;, = 0

U(I1)3: 12Y§5 + 4Y) — 6Y7 — 6Y — 2Yp —2Yy =0

Yukawas:  Yp;;Qr;(H)Dr,+Yri;Qr,(H)Ur;+Ygi; Lr;(HYER; +Yn; Lr;(H)Ng;

—YQ+YD—|—YH:O —Y;, +Yer+Yyg =0
—YQ+YU—YH:0 —Y;, +Yn — Yy =0
Solution: |Yg =42 —sYn, Yy =+2 —2Yn, Yp = -2 —2Vn,
Y, =—14Yn, Yg=—-14Yy Yy eR
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Charge de-quantization in the SM with Dirac neutrinos

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

Assume that there is a RH neutrino component added to the SM: Nz = (1,1,Yn)

SU(2)2 U(1): 6Y, +2Y;, = 0

U(1)3: 12Y§5 + 4Y) — 6Y7 — 6Y — 2Yp —2Yy =0

Yukawas: YDz’j@i <H>DRJ ‘|‘YU7;J’@7; <ﬁ>URg +YEz'jL_Li <H>ERJ _I_YNijL—Li <I~{>NRJ

—YQ—I—YD—I—YH:O —Y;, +Yer+Yyg =0
—YQ+YU—YH:O —Y;, +Yn — Yy =0

Solution: |Yg = +# —2Yn, Yy =+2 —2YyN, Yp = —2 —1Vy,

Charge quantization is lost in the SM with Dirac neutrinos !!!
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Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries
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B & L - SM accidental global symmetries

Lsm = —30,930, 95 — 95 0ugighgs — 192 F° F*“ghgvan9s — AW FOW, —
MPWEW, — 56,230, Z) — 5or M2 Z0Z) — 50,400, Ay — zgcw(a,,zo(w+w- - W+W-) -

ZOWFo,W,, — W, a,WiF) + ZU(WHo,W, — W, W) — igsw(O, Ay (WHEW, —
WiwWy) — ,,(W+ oW —Wi8WH + A, (WHO W5 —W;8,W})) —
LPWFW I WHEW, + L0 WiEW, WHW, + g2c2 (ZOWHZOW, — ZOZSWHW,o) +
2 <2 (A W;A W o — Ay AWFW) + 92 swew (A Z0(WEW, — WHW) —
2A,,zgw,;“w,,-) — $OuHOH — 2M?c, H? — Ou¢F 0™ — 20" 0ue® —
'3" (21\"]2 il 2A'IH i 1(H'2 +¢')0¢')0 i3 2é+¢—)) ) 2)\44(1}1 _J’Jhi‘j (H3 +H¢>0¢‘)0 + 2H¢+¢>—) —
Lg%, (H4 + (¢2)4 + 4(<p+¢> )2 + 4(¢°)2¢T ¢~ + 4H2¢p* ¢~ + 2(¢°)2H?) — gMW W H —
92 ZOZGH — §ig (WiH(¢00ud™ — ¢~ 0,0 — W (920, — ¢+ 0,9°)) +
iy (‘V"'(H(‘)“g) — ¢~ O H) + W, (Ho,,(p"; — ¢t O, H)) + 192 (Z2(HO,.¢° — ¢°0,H) +
M (2ZJ0u¢° + WHoup™ + W, 0ugpt) —ige M ZY (Wi~ — W, o) +igswMA, (W™ —
Wot) — igig2oe ZO(¢pF 0,d — ¢~ 0udt) + igsw A (6 O™ — ¢~ 0u0%) —
TPWIWo (H?2 + (@92 + 20107 ) — 202 Z0Z0 (H? + (¢")2 + 2(252, — 1)2¢F¢7) —
1922 S ZRO(WiF o™ + W ot) — Lig?Zu ZOH (Wi~ — Wirdt) + 2928, A (Wie— +
W ¢+) + 3ig?swAuH (W+<z>‘ Wiot) —g?8w(2ch, — 1) Z0Audt e~ — g?syAuAudt o™ +
§zgs (qz Yoy ) 0. — ’\('78 -+ 7712)6’\ — MO + nzs)t/’\ — ﬂ_’;(ﬂ,ﬁ + 'rn;\‘)-u.;-‘ — J? (vO + mg)d’;- 4
igswA,, ( (e AyteA) 4 2(17)‘“"‘11)‘) — I(J;-\","‘d’\ ) + _59_20{(17)\,),.;;(1 + P + (EMyH (452, —
VR)er) + (div* (352 — 1 — %)} ) + (@3 (1 — 352, +7°)u})} +
—7"-W+ (P + A5 UMPrce™) + (@ (1 + wS)CMd*))
SEW (EU P (1 +4°02) + (d5CHA (1 +1 5)u")) +
st (—mEEUP (1 — 7°)e”) + my(PAUP(1 + 75)e”) +
—-"M; D (m’\(E’\U‘ePf (1 4+ 5%)w") — m,’j(?"U’e”f\,‘(l — ':.5)1/") = g-%;‘-H(PAVA) _-—
%" H(é eM) + -g-xfgbo(u’\ ySpA) — -g--‘-;-oo((‘ ~Ser) — zt?,\ ME (1 — )0, —
zt/,\ x\ff" (L — 5 ) + ot (—nz"(u"(",\,;(l — ‘w"’)d") + 1n’\(u’\C,\,¢(1 + 1 5)(1") +

2’\!
2M mch (md(d’\CAK(l—i- 5)11")—1n"( CAK(I—js)u) 21;}‘H( a;u .j)—g-xf-H((Z?d?)+

> A
2 4@ Pud) — FIE (D))
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B & L - SM accidental global symmetries

Lsm = —30,930, 95 — 95 0ugighgs — 192 F° F*“ghgvan9s — AW FOW, —
MWW, — 20,200, 7)) — 5+ M?*Z Z]) — $0, A0, Ay — zgcw(a,,ZO(W+W— - W+W-) -

ZAWFro,W; — W, a,W;i) + Zg(t»v'ja,,t«v— W8, WiH)) — igsw(Oy Ay (WiHW,
Wiw; ) — A,,(W,fa,,w; —Wro,WH) + A, (WD, W — W, 0,W7)) —
% "-W""IV‘H""‘H"‘ Q‘V“"W'—W""H" o+ g202 (ZOW"*‘ZOIV ZOZOIV"‘IV—) +
2 2(A W+A W— s A W +w—-) + g2 swc'w(A ZO(W+W~ W+W~) s
2A,,Z°W,,+W,j) 13, Ht) H — 2M?a,H? — ,,gf)"'é),,q‘)_ — 39,¢° 0" —
B (21\12 4 '2.MH + 1(H2 + ¢9¢0 4 26+ b )) + 21\1 2M2 oy, — gap M (H3 + H@¢° + 2H ¢t ¢—) —
Lg%, (H4 + (¢2)4 + 4(¢>+¢> )2 4+ 4(¢9) 20— + 4H%+¢— + 2(¢°)2H?) —gMW W H —
‘M ZOZOH - 51(/ (W (Y O™ — P~ O, ¢9%) — ‘V'((p 0“9")"' - (f)"‘(‘) (;)o)) -+
ig (H""(H()“(.o — ¢~ O H) + W (HO,,(b‘*' — ¢t OuH)) + 292 (Z2(H O, ¢° — (')00,,H) +
M (2Z20,¢° + WiF O™ + W, Oupt) — u,-mnfzﬂ(n to™ — Wi ot) +igswMAL(WiHe™ —
W ot) — i 11-2-%20( b"‘(),‘d)‘ — =0, d*) + igswAu(dFTOuP™ — p—OudpT) —
2w +n s (H2 4+ (092 +2¢%7¢7) — 39222320 (H? + (¢°)2 +2(282, — 1)%¢+¢™) —
1422 Z°¢0(W+¢ + W, ¢t) — Lig?2u Z}}H(ijp — W ¢t) + 2925, A, 00 (WiHo— +
W ¢+) + 3ig SuApH(Ww— W—¢+) — g2 (2c2, — 1)Z0Audt ™ — g? st AuAudtoT +
3ige A (@793 ) gp — "(7‘9 + md)et — PMyO + m )t — @) (v0 + mY)u} — dy (70 + my)d; +
z'gswA# ( (MyHer) + 2(17)‘“"‘11)‘) — l(d?,-\",'“d’\ ) + —iﬂ—Zo{(f/'A')f"(l + P + (EMyH (452, —
1—~,°)e’*)+ (diy* (582, — 1 —7°)d}) + (@31 "(1——sw—|—’)°)u’\)}—l-

| —‘7’-“ F@EF (1 + 75)6"%«") + (@1 +1 *")Cx,cd") + r

S Wi (E U (1 +4%)0A) + (@5 CH (1 +1 5)u")) +

| :

i 2—1‘;375(:‘)’*' (—mE(AUP (1 — 45)e™) + mM(PAU¥Py (1 4 4 5)e”) + |

| —97!25‘, - (171’\((7’\("“—""' (1 4+ 5%)w") — m,';'(?*(-"'e”f\,‘(l - ","’)u") — %%;‘-H(P’\V'\) — i‘

| g8 H(eNe) + -g-rfgbo(l/\ B1A) — B8 50(EABer) — Loy MR (1 — 45) i — r

Z"’/\ 1\[5 (L — 5 ) + 2," ot (—nz"(n"(",\,;(l — ".5)(1”‘) + 111A(11ACAK(1 o "")d") + j

srlmt (md(d\q\,{u + %)) — mE (D CL1 — 2 %)) — $FFH (@) u)) — $34H (d)d)) + V

m%t_qbo(ﬁ)},su)_\) __ ig d 0((;:\,75(1,\

(™
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B & L - SM accidental global symmetries

W (P (L4 DU Pr ) + (@7 (1 +75)Cned) ) +
Wi ((-“U‘epmﬂ(l +) + (@CHA# (1 +9%u))) +
T ® (-mEP UL = 75)ex) + mYPAUEPA(1L+7P)er) +
rie K WK e m 2

mis” (m @ o0+ 4B) @t (1 *) - $5H) -

-‘le-H( e'\)+-‘l-w-¢>0(u’\ ~SA) — -iwf-cb (EAPer) — 2 M (1 — 45)0, —
T\ ME (L — )0, + g?)"‘ —mf( ’\C')‘,.;(l— )d’-‘)+771)‘('ﬁA-C,\h(1+')'5)d”

Ak M

9 p™ (771.d(d;CIR(1+7-'°)zz.) (Ol (1 = 7)) — $5RH (@) — L H (D)) +

gm0 (@Pud) — EIELGO(D )

always a WW structure - B and also L are classical global symmetries of the SM
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Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries

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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Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries

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

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

Tr(B—-L)°=0

B - Lis agaugeable symmetry !
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Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries

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

(Y, Y}(B ~ 1) =0 (T3, T} (B - 1)) =0, ~~

Tr(B—-L)°=0

B - Lis agaugeable symmetry !
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Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries

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

(Y, Y}(B ~ 1) =0 (T3, T} (B - 1)) =0, ~~

Tr(B—-L)°=0

B - Lis agaugeable symmetry !

Y =Y 4 ¢(B — L) is a again a perfectly consistent hypercharge, ¢ = —Yx
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Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries

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

(Y, Y}(B ~ 1) =0 (T3, T} (B - 1)) =0, ~~

Tr(B—-L)°=0

B - Lis agaugeable symmetry !

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

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

Experimentally (neutron neutrality): || < 102! Foot, Lew,Volkas 1993
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Charge de-quantization in the SM with Dirac neutrinos

A simple symmetry argument based on B & L symmetries

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

(Y, Y}(B ~ 1) =0 (T3, T} (B - 1)) =0, ~~

Tr(B—-L)°=0

B - Lis agaugeable symmetry !

Y =Y 4 ¢(B — L) is a again a perfectly consistent hypercharge, ¢ = —Yx

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

Experimentally (neutron neutrality): || < 102! Foot, Lew,Volkas 1993

The Dirac neutrine picture is not satisfactory...

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Majorana mass term

E. Majorana 1937:

Neutral field can have a mass term even with 2 components only!!!

E. Majorana
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Majorana mass term

E. Majorana 1937:

Neutral field can have a mass term even with 2 components only!!!

For any bi-spinor¢: Yy = Y + €i¢¢c
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Majorana mass term

E. Majorana 1937:

Neutral field can have a mass term even with 2 components only!!!

For any bi-spinor¢: Yy = Y + €i¢¢c

is a (redundant) way to write a Majorana spinor obeying

E. Majorana

i — e Pmayp© =0

NB In the Weyl basis: ¢ = ( . ¢ )
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Majorana mass term

E. Majorana 1937:

Neutral field can have a mass term even with 2 components only!!!

For any bi-spinor¢: Yy = Y + €i¢¢c

is a (redundant) way to write a Majorana spinor obeying

E. Majorana

i — e Pmayp© =0

- _ &
NB In the Weyl basis: ¥ = ( ey

Lagrangians (in Weyl notation): £ = 1)1, Py — ewmaww‘c/v
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RH neutrinos equiped with Majorana mass term

RH neutrinos are completely SU(3)xSU(2) neutral Weyl spinors!

_ -1
L>L1Y,NpH + §N}; CMrNg + h.c.
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U(l)y symmetry: Nr hypercharge is not free, it must be zero!
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U(l)y symmetry: Nr hypercharge is not free, it must be zero!
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RH neutrinos equiped with Majorana mass term

RH neutrinos are completely SU(3)xSU(2) neutral Weyl spinors!

_ -1
L>L1Y,NpH + §N}; CMrNg + h.c.

U(l)y symmetry: Nr hypercharge is not free, it must be zero!

L & B-L is explicitly broken by the presence of the RHN MMT!

All other hypercharges quantized through anomalies!
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RH neutrinos equiped with Majorana mass term

RH neutrinos are completely SU(3)xSU(2) neutral Weyl spinors!

_ -1
L>L1Y,NpH + §N}; CMrNg + h.c.

U(l)y symmetry: Nr hypercharge is not free, it must be zero!

L & B-L is explicitly broken by the presence of the RHN MMT!

All other hypercharges quantized through anomalies!

No free lunch principle: |MIxIS NN SlnEE ESS [pEl I e
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Seesaw mechanism (type-|)

P. Minkowski, Phys. Lett. B67,421 (1977)

1 1
L5UrmpNp + §MRN£CNR + h.c. = §R€CMHL + h.c.

M:(WSD EZ) = ( e )
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Seesaw mechanism (type-|)

P. Minkowski, Phys. Lett. B67,421 (1977)

1 1
L>UrmpNp + §MRN£CNR + h.c. = —nfC’./\/lnL + h.c.

2
o 0 D
M=y i)

Suppose mp K Mp

2
mq = EZ nlocuL—FO(?]Z—Z) (NR)C
c mp
mo = Mp nQOC(NR) —|—(9<—)VL
Mg
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Seesaw mechanism (type-|)

P. Minkowski, Phys. Lett. B67,421 (1977)

1 1
L>UrmpNp + §MRN£CNR + h.c. = —nEC./\/lnL + h.c.

2
o 0 D
M_(mp MR>

Suppose mp K Mp

2
mq = EZ nlocuL—FO(?]Z—Z) (NR)C
c Mp
mo = Mp ngoc(NR) —|—(9<—)VL
Mg

For O(1) Yukawas M1 is naturally small if Mris large!
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Seesaw mechanism (type-|)

P. Minkowski, Phys. Lett. B67,421 (1977)

1 1
L5UrmpNp + §MRN£CNR + h.c. = —nfC’./\/lnL + h.c.

2
o 0 D
M—(mp MR>

Suppose mp K Mp

2
mq = EZ nlocuL—FO(?]Z—Z) (NR)C
c Mp
mo = Mp nQOC(NR) —|—(9<—)VL
Mg

For O(1) Yukawas M1 is naturally small if Mris large!

Mr= 10215 GeV
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Seesaw mechanism (type-|)

P. Minkowski, Phys. Lett. B67,421 (1977)

1 1
L>UrmpNp + §MRN£CNR + h.c. = —nfC’./\/lnL + h.c.

2
o 0 D
M_(mp MR>

Suppose mp K Mp

2
mq = EZ nlocuL—FO(?]Z—Z) (NR)C
c Mp
mo = Mp nQOC(NR) —|—(9<—)VL
Mg

For O(1) Yukawas M1 is naturally small if Mris large!

NB the argument is not water-tight - small Yukawas are natural... M|~ 10025 (@)
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Effective lagrangian for neutrinos with p* < M5

L3 ZLY,/NRFI

N]ECMRNR h.c.
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Effective lagrangian for neutrinos with p* < M5

_ -1
L>5L1Y,NpH 2N§CMRNR h.c.
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Effective lagrangian for neutrinos with p* < M5

LS ZLYVNRFI N%CMRNR h.c.
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Effective lagrangian for neutrinos with p* < M5

LS ZLYVNRFI N%CMRNR h.c.

 H  H H s s H
L E N N E L p2 < M]%[ I NS L
Y,/ ]é -+ MN YV Y2
p? — M3, L5 ~ M—';V(LT’L'UQH)C(HTMQL)

Weinberg’s d=5 operator
S.Weinberg, PRL43, 1566 (1979)
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SM as an effective theory - d=5

L5~ —(LYiooH)C(H io5L)
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SM as an effective theory - d=5

L5~ —(LYiooH)C(H io5L)

This operator is unique at d=5 in the SM!
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SM as an effective theory - d=5

L5~ —(LYiooH)C(H io5L)

This operator is unique at d=5 in the SM!

By the way: it’s great to have a complete Higgs doublet for the EFT business!

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Renormalizable “openings™ of the VVeinberg operator

Ly ~ %(LTZ'@H)C(HTZ'OQL) Tree-level graphs (one mediator)
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Renormalizable “openings™ of the VVeinberg operator

Ly ~ %(LTZ'@H)C(HTZ'@L) Tree-level graphs (one mediator)

seesaw type |
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Renormalizable “openings™ of the VVeinberg operator

Ly ~ %(LTZ'@H)C(HTZ'@L) Tree-level graphs (one mediator)

seesaw type | fermionic singlet

M RH neutrino
(1,1,0)
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Renormalizable “openings™ of the VVeinberg operator

C . . .
Ly ~ K(LTZ@H)C(HTZ@L) Tree-level graphs (one mediator)
seesaw type | fermionic singlet
L/"% RH neutrino
L L
(1,1,0)
seesaw type | A
LNL
(1,3,+1)
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Renormalizable “openings™ of the VVeinberg operator

C . . .
Ly ~ K(LTZ@H)C(HTZ@L) Tree-level graphs (one mediator)
seesaw type | fermionic singlet
L/"% RH neutrino
L L
(1,1,0)
: scalar triplet with a
seesaw type |l AL doubly charged
LNL component
(1,3, +1)
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Renormalizable “openings™ of the VVeinberg operator

C . . .
Ly ~ K(LTZ@H)C(HTZ@L) Tree-level graphs (one mediator)
seesaw type | fermionic singlet
L/"% RH neutrino
L L
(1,1,0)
: scalar triplet with a
seesaw type Il AL doubly charged
LNL component
(1,3, +1)
H H

seesaw type lll
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Renormalizable “openings™ of the VVeinberg operator

C T . T . .
Ls ~ (L7 02 H)C(H i02L) Tree-level graphs (one mediator)
seesaw type | fermionic singlet
' NR K .
RH neutrino
W
(1,1,0)
H scalar triplet with a
seesaw type i PAL doubly charged
LNL component
(1,3,+1)
H H
seesaw type lll fermionic triplet
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Majorana neutrinos @ colliders:“light” type-l seesaw!?

Type-| seesaw: review: arXiv:1001.2693 [hep-ph]
* X
H H

- generally problematic, Yukawa couplings small
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Majorana neutrinos @ colliders:“light” type-l seesaw!?

Type-| seesaw: review: arXiv:1001.2693 [hep-ph]
* X
H H

- gauge couplings of the RHN are also small!
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Majorana neutrinos (@ colliders: type-ll seesaw?

Type-ll S€eSaw. review: arXiv:1001.2693 [hep-ph]
* + .
o H - doubly-charged scalar in the spectrum!
A
LNL
(1,3,£1)
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Majorana neutrinos (@ colliders: type-ll seesaw?

Type-ll S€eSaw. review: arXiv:1001.2693 [hep-ph]
* + .
o H - doubly-charged scalar in the spectrum!
A
LNL - same-charge dilepton signal
(1,3,41)

7 5 ATTATT — (l+l+)(l_l_)
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Majorana neutrinos (@ colliders: type-ll seesaw?

Type-ll S€eSaw. review: arXiv:1001.2693 [hep-ph]
* + .
o H - doubly-charged scalar in the spectrum!
A
LNL - same-charge dilepton signal
(1,3,41)

7 S ATTA™ — (l+l+)(l_l_)

- small background in the SM !!!
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Majorana neutrinos @ colliders:“light” type-Ill seesaw?

Type-l Il seesaw: review: arXiv:1001.2693 [hep-ph]
* X
H H

- neutral and charged fermions in F
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Majorana neutrinos @ colliders:“light” type-Ill seesaw?

Type-l Il seesaw: review: arXiv:1001.2693 [hep-ph]
* X
H H

- neutral and charged fermions in F

L~ 7 - the triplet feels gauge interactions (production)
- better than type |
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Majorana neutrinos @ colliders:“light” type-Ill seesaw?

Type-l Il seesaw: review: arXiv:1001.2693 [hep-ph]
* X
H H

- neutral and charged fermions in F

m - the triplet feels gauge interactions (production)
1,3,0

- better than type |

- multi-lepton channels like in type-Il case
FT— Z24 — ()t

- different kinematics, not as spectacular as type-ll
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Majorana neutrinos & double beta decay

\ Even-A

n B \ ;
\ \
A \ \
\ \ \
\ \
& [= \ ‘\ Odd-odd .
W \ ‘
— Y \
g N \ A
< |- \ i -
§ Even-even ‘\
\ \
\ o
\ B .\

_ P

\-._‘

Z-2 Z-1 Z Z+1 Z+2

“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U
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Majorana neutrinos & double beta decay

\ Even-A 3

\ \
\(\ { &
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& [= \ ‘\ Odd-odd =
W \ \
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Z-2 Z-1 Z Z+1 Z+2

“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U

Isotopes: 4Ca, 76Ge, 825e, %¢Zr, 100Mo, !16Cd, 130Te, 136Xe, 150Nd
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Majorana neutrinos & double beta decay
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“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U

Isotopes: 4Ca, 76Ge, 825e, %¢Zr, 100Mo, !16Cd, 130Te, 136Xe, 150Nd
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Majorana neutrinos & double beta decay

\
\ ‘
— \ \
N \ .
<t N
S Even-even &
\ \
\ o \
« B

—

\ Even-A 2

Z-2 Z-1 Z Z+1 Z+2

“Standard” double beta decay:  2n, — 2p* 4 2e” + 2U

Neutrinoless double beta decay: 2n — 2pt + 2e™ -

- 0v

Isotopes: 4Ca, 76Ge, 825e, %¢Zr, 100Mo, !16Cd, 130Te, 136Xe, 150Nd

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024




Neutrinoless double beta decay - effective mass

Diagrammatics:
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Neutrinoless double beta decay - effective mass

Diagrammatics:
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Neutrinoless double beta decay - effective mass

Diagrammatics:

2 W' 407 2 d0- 90 10°
lightest mass (eV)

Figure from Chakrabortty et al., JHEP 08 (2012) 008
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s this a test of the Majorana nature of neutrinos!?

What if there is something else?
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s this a test of the Majorana nature of neutrinos!?

A
What if there is something else? \\\/
\\? ¢
x
A //’Z e~
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s this a test of the Majorana nature of neutrinos!?

A
What if there is something else!? \‘*\/

J. Schechter, J. E W. Valle, PRD 1982
Takasugi, PLB 1984
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s this a test of the Majorana nature of neutrinos!?

A
What if there is something else!? \‘*\/

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

If neutrinoless double beta decay is seen, neutrinos are inevitably Majorana...
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Extended gauge symmetries?

Part |:Structural aspects



Standard model matter fields + 3 RH neutrinos

T; Y Q
1 2
@, ]
1 6 1
‘)L 2 -3
UR 0 —|—% —|—§
w0 -
Ve _I_% 1 0
e ) _% 2 1
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Standard model matter fields + 3 RH neutrinos

1 2
u 2 1 T3 1
(d) T o

L 2 3
UR 0 +3 +3 1
1 1 6

AR N
Ve _I_% 1 O _ 1
e ) _% 2 —1 2
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Standard model matter fields + 3 RH neutrinos

T3 Y Q (B-1L)/)2
G, TH T B -
), -1 =
UR 0 —|—% —|—% 1
L e
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Standard model matter fields + 3 RH neutrinos

Ty
T R
i), -y B
UR 0 —|—% ‘|‘%
in -} -
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Standard model matter fields + 3 RH neutrinos

T3-like
Tg generator
1 5 for RH fields!

u D) -+ 3 O
d _ 1 _ 1
L 2 3

2 1

UR () —|—§ ‘|‘§

in o = =
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Standard model matter fields + 3 RH neutrinos

T3-like
Q (B — L)/2 generator
5 for RH fields!
u —|—§
i), 1 ’
3
UR —|—% ‘|‘%
1
dp 1
Ve
(*) 0
)L
VR ‘|—%
ER _%
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Left-right models
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Left-right models
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Left-right models

SU@3).2SU(2)L ® SU(2)r ® U(1)p—1 gauge group
review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |
u
( > L
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Left-right models

SU@3).2SU(2)L ® SU(2)r ® U(1)p—1 gauge group

review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |
u)
<d L High-scale parity restoration
UR . - SU(2)r x U(1)s.L can be broken by a scalar triplet
ﬁ O
dR d R {A 9 A—I_v A_H_}
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Left-right models

SU@3).2SU(2)L ® SU(2)r ® U(1)p—1 gauge group

review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |

u)
<d L High-scale parity restoration

UR . - SU(2)r x U(1)s.L can be broken by a scalar triplet

— O
dR d {A 9 A—I_v A_I“I_}
R
(Ve) Extra gauge bosons
- Z’,\ Wk
°JL
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Left-right models

SU@3).2SU(2)L ® SU(2)r ® U(1)p—1 gauge group

review: G. Senjanovic, Riv. Nuovo Cim. 034, 201 |
u)
<d L High-scale parity restoration
UR . - SU(2)r x U(1)s.L can be broken by a scalar triplet
_) O
dR d {A 9 A—I_v A_I“I_}
R
(V€> Extra gauge bosons
- Z’,WQR
°Jr
Yukawa “unification”
VR 1%
— Verm =1
€ER € R
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RH neutrinos at colliders in LR models

Type-| seesaw: goes much better with right-handed currents

W.Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50, 1427 (1983)
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Neutrinoless double beta decay in LR models

Light neutrino mediation
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Neutrinoless double beta decay in LR models

Light neutrino mediation
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Neutrinoless double beta decay in LR models

Light neutrino mediation

0 10 A2 = 99 10°
lightest mass (eV)

Aocg‘l%

Figures from Chakrabortty et al.,, JHEP 08 (2012) 008
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Neutrinoless double beta decay in LR models

Light neutrino mediation Heavy neutrinos also feel gauge interactions!

0 10 A2 = 99 10°
lightest mass (eV)

Aocg‘l%

Figures from Chakrabortty et al.,, JHEP 08 (2012) 008
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Neutrinoless double beta decay in LR models

Light neutrino mediation Heavy neutrinos also feel gauge interactions!

0 10 A2 = 99 10°
lightest mass (eV)

Aocg‘l%

Figures from Chakrabortty et al.,, JHEP 08 (2012) 008
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Neutrinoless double beta decay in LR models

Light neutrino mediation Heavy neutrinos also feel gauge interactions!
0
10

10'4 1 1 1 1 i 1 1 1 1 1 1 10'4 i 1 1 o 1 - 1 1 1 1 1 PO
10°  10% 10 102 10" 10° 10°  10* 10® 102 107  10°
lightest mass (eV) lightest mass (eV)
<m> 4 2 K
A x g* - Axg E Fe—
2 M.
q p 0

Figures from Chakrabortty et al.,, JHEP 08 (2012) 008
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Neutrinoless double beta decay in LR models

Light neutrino mediation Heavy neutrinos also feel gauge interactions!
0
10

10 10 10% 102 107 10° 105 0% 10 102 107 10
lightest mass (eV) lightest mass (eV)
m 4 o K
A x 94u Aoxg E F*—
2 M.
q p i
my —1/4
Figures from Chakrabortty et al,, JHEP 08 (2012) 008 MWy = 1.3( [iTe\;]) TeV
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“Lepton number as fourth color”

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

SU@B3).®SU12), ® SU2)r @ U(1)p—1, symmetry

@), (0, @), 0,
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“Lepton number as fourth color”

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

SU@B3).®SU12), ® SU2)r @ U(1)p—1, symmetry

@), (), @), 0,
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“Lepton number as fourth color”

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

SU@B3).®SU12), ® SU2)r @ U(1)p—1, symmetry

@), (), @), 0,
(i), (i%),

First attempt to unify quarks and leptons... (even before the charm discovery!)
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Pati-Salam as a prototype rank-5 Q-L unification

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

) —(4,2,1)® (1,1,2)* of SUH)e® SU2), ® SU(2)s
LR

)
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Pati-Salam as a prototype rank-5 Q-L unification

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

) —(4,2,1)® (1,1,2)* of SUH)e® SU2), ® SU(2)s
LR

)

Fully non-Abelian structure - all charges quantized!
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Pati-Salam as a prototype rank-5 Q-L unification

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

) —(4,2,1)® (1,1,2)* of SUH)e® SU2), ® SU(2)s
LR

)

Fully non-Abelian structure - all charges quantized!

Heavy leptoquark gauge bosons
— > perturbative B and L violation (?)

Heavy singlet and coloured scalars
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Pati-Salam as a prototype rank-5 Q-L unification

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

) —(4,2,1)® (1,1,2)* of SUH)e® SU2), ® SU(2)s
LR

)

Fully non-Abelian structure - all charges quantized!

Heavy leptoquark gauge bosons
— > perturbative B and L violation (?)

Heavy singlet and coloured scalars

(10,1,3)ps 2 (1,1,0) 50 @ (6,3, +%)sm D . ..
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Pati-Salam as a prototype rank-5 Q-L unification

J. C. Pati,A. Salam, Phys. Rev. D 10, 275-289 (1974)

) —(4,2,1)® (1,1,2)* of SUH)e® SU2), ® SU(2)s
LR

)

Fully non-Abelian structure - all charges quantized!

Heavy leptoquark gauge bosons
— > perturbative B and L violation (?)

Heavy singlet and coloured scalars
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Extended gauge symmetries?

Part Il: Scales



B-L breaking scale in type-| seesaw

1 1
L5UrmpNp + §MRN£CNR + h.c. = §R€CMHL + h.c.

M:(nSD ?\2) = ( e )
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B-L breaking scale in type-| seesaw

1 1
L5UrmpNp + §MRN£CNR + h.c. = §R€CMHL + h.c.
T
m=( YV mo = e )
mp MR (NR)C
. _ —1 T
Seesaw formula: ~ m, = —mpM, mp
1
mp = EYVU < MR
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B-L breaking scale in type-| seesaw

1 1
L5UrmpNp + §MRN£CNR + h.c. = §R€CMHL + h.c.
T
m=( YV mo = e )
mp MR (NR)C
. _ —1 T
Seesaw formula: ~ m, = —mpM, mp
1
mp = EYVU < MR

For O(I) Yukawas: Mr~10!2-14 GeV.
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Baryogenesis through leptogenesis - see Frank’s lectures

Perturbative LNV + nonperturbative BNV
enough for baryogenesis

Fukugita, Yanagida, PLB174, 1986

“B = pg = (6.1£0.3) x 10~1°
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Baryogenesis through leptogenesis - see Frank’s lectures

Perturbative LNV + nonperturbative BNV
enough for baryogenesis

Fukugita, Yanagida, PLB174, 1986

B = pp = (6.1 40.3) x 10710

|) Net L is generated in the heavy “RH” neutrino decays:
> o [T(N1 = £oH) —T(Ny — £, H).
> [C(N1 = LoH) +T(N1 — o H)

CP asymmetry: €1 =

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Baryogenesis through leptogenesis - see Frank’s lectures

Perturbative LNV + nonperturbative BNV
enough for baryogenesis

Fukugita, Yanagida, PLB174, 1986

B = pp = (6.1 40.3) x 10710

|) Net L is generated in the heavy “RH” neutrino decays:
> o [T(N1 = £oH) —T(Ny — £, H).
> [C(N1 = LoH) +T(N1 — o H)

CP asymmetry: €1 =

2) Sphalerons provide L to B transitions before EWPT
Kuzmin, Rubakoyv, Shaposhnikov, PLBI55, 1985
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Baryogenesis through leptogenesis - see Frank’s lectures

CP asymmetry:

3 1 My
€1 ~ Im [ YY) 27;} —
: 8T (YnY )11 Z SEALH M;
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Baryogenesis through leptogenesis - see Frank’s lectures

CP asymmetry:

3 1 T2 Ml

€1 R Im [(YNYN)l} i

87T (YNY]iI)ll izZQ;S ¢ Mz
Davidson-lbarra bound: S. Davidson and A. Ibarra, Phys. Lett. B535,25 (2002)

3 M -
i i - s ) Mi>107 GeV
167 v
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Baryogenesis through leptogenesis - see Frank’s lectures

NB Strictness of the D-I limit

07 M; /M, = M>/M; = 1000 M;/M> = M>/M; = 100

1077

1077 ¢

2
g
o
-
n
<
®

ool et el e
1074 1073 1072 107!
lightestvmass m3; ineV

1074 1073 1072 107!

lightest vmass m3; ineV

10 102 107!
lightestvmass mj3; ineV

T. Hambye, Y. Lin, A. Notari, M. Papucci, A. Strumia, Nucl.Phys.B 695 (2004)
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The vacuum instability issue in the SM

With mp=125 GeV the SM vacuum may be unstable
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The vacuum instability issue in the SM

With mp=125 GeV the SM vacuum may be unstable
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The vacuum instability issue in the SM

With mp=125 GeV the SM vacuum may be unstable

t H

“our’ vacuum
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The vacuum instability issue in the SM

With mp=125 GeV the SM vacuum may be unstable

/[

S —
t H t
“our” vacuum deeper “exotic’” vacuum
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

d

A =6\ gy, ..
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

d
iy N N O W R IT

\ / ™ P \ /
\ SIS, / \\ ,/
\‘ \/
/\\ ,,\ / \
/ - \ - e // \\
/ \

/ \ e ™ / \
N 4 ~ 7 N 7
\\ ,/ \\ ,/ \\ ,/
- en e - o [ AV WV ]

\ /
\ /
\ 7/
7/ - T N\ /’ ‘s I’v\\
I/ \\ /” \\\ /” \\\
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

d

A =6\ gy, ..

\ / ™ P \ /
\‘ \/
/7 \ ,\ / \ \
/ SN - \ 2 9 // \\ SN -
4 \
/ \ e ™ / \
N 7 N 7 N 7
\\ /’ \\ /, \\ /,
- e e - o [ AV WV ]
\ /
\ / -_——— ————
\ 7/
7/ - T N\ /’ \s I’v\\
/, \\ /” \\\ /” \\\
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

/L@A — 6)\(>\7.g717 Ygrs-- )
\ / N 7/ \ /
\ / ™ P \ ¢
\ -~ / % /
X L <
// Yt \\ P N /, \\ it
/ b / \
/ \ e N / \
N 7’ ~ 7 ~ 7
\\ ,/ \\ ,/ \\ ,/
i———} \;} [ aVa VLV |
\ /
\ / ——— ————
y <
7/ - T N\ /’ \\ z’u\s

+ RHS terms: push A up with increasing energy

- RHS terms: push A down with increasing energy
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

d

A =6\ gy, ..

D.Buttazzo, G.Degrassi, P. P.Giardino, G. F. Giudice, F.Sala, A.Salvio and A.Strumia, JHEP 1312, 089 (2013)
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

A 0.10
d,LL _6>\( 7gz’yf7”.) 008 - 30" bands in
; ‘ M, =173.3 £ 0.8 GeV (gray)
_ \ a3(Myz) = 0.1184 + 0.0007(red)
~ 006~ M, =125.1 £ 0.2 GeV (blue)
£
o .
2 0.04 -
Q
§ 0.02 -
o L
?0 s
b«D -
= 0.00
—0.02 -
_0'04 __ 1 | | | 1 | | | | | | | | | | L 1
102 10* 10® 10 10° 10'2 10" 10'6¢ 108 10%

RGE scale y in GeV
D.Buttazzo, G.Degrassi, P. P.Giardino, G. F. Giudice, F.Sala, A.Salvio and A.Strumia, JHEP 1312, 089 (2013)
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

0.10
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

d 0.10
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The vacuum instability issue in the SM

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)
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D.Buttazzo, G.Degrassi, P. P.Giardino, G. F. Giudice, F.Sala, A.Salvio and A.Strumia, JHEP 1312, 089 (2013)

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Vacuum stabilization in the seesaw models?

16720, 77 = 24N> =6y, + 2(9"% + ¢°)* + 4g" + M(=3¢" — 99" +12y;)
new physics @ seesaw scale changes the quartic coupling evolution
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Vacuum stabilization in the seesaw models?

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

new physics @ seesaw scale changes the quartic coupling evolution
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Vacuum stabilization in the seesaw models?

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

new physics @ seesaw scale changes the quartic coupling evolution

may help if the effect kicks in

Type-| seesaw: Aﬂi_lwp — —2y§ + yz)\ “soon enoughj’ anld the Yukawa
remains large

see, e.g.,W. Rodejohann, H.Zhang JHEP 1206 (2012) 022 and references therein
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Vacuum stabilization in the seesaw models?

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

new physics @ seesaw scale changes the quartic coupling evolution

may help if the effect kicks in

Type-| seesaw: Aﬁl loop _ —2y§ + yz)\ “soon enough” and the Yukawa
remains large

Type-lll seesaw: Aﬂl loop y,/ 4+ 3y2)\  somewhat easier than in type-|

see, e.g.,W. Rodejohann, H.Zhang JHEP 1206 (2012) 022 and references therein
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Vacuum stabilization in the seesaw models?

16720y 7% = 24026y} + 2(g% + ¢°)* + 39" + A(—3¢"* — 99> +12y?)

new physics @ seesaw scale changes the quartic coupling evolution

may help if the effect kicks in
Type-| seesaw: Aﬁl loop _ —2y§ + yz)\ “soon enough” and the Yukawa

remains large

Type-lll seesaw: Aﬂl loop y,/ 4+ 3y2)\  somewhat easier than in type-|

Type-ll seesaw: Aﬁl loop p; > 0 - beta-function effect

|
S
>
SHN

> <
A=A H 'LLQ - matching effect

see, e.g.,W. Rodejohann, H.Zhang JHEP 1206 (2012) 022 and references therein
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In all these cases the new physics scale was huge!
( EFT time...)



SM as an effective theory: d=6 operators

D, i ()06 and (,04 D? ,¢2 S03
Qa | fEOGEECT | Q, (efp)? Qs (') (lperp)
& | FABCGAGEGS | Qo | (Plo)Olele) || Que | (#10)(Gu-d)

Qw | TEWEWIPWEr | Qup | (¢'D*0)" (¢'Duep) | Quy (') (@pdrp)

- TIK a7 IviasJd ot K
Qw |¢€ W” W, Wp

X2<p2 ,‘p2 X © ¢2 902 D
S > i
Quc | ©'0GALGY | Quw | (Lo*e)TloWl, | Q%) | (0D, 0)(yHl)
>
I

Q¢E; Pl éﬁu i Qen (l,0*€;) By Qg;) ("D w ) (Lo 1)
>
Qow | QoW W | Que | (30" Tu,)PGp | Que | (911D, p)(&"er)
e ~ . H —
Qiw | CeWLW™ | Quw | (Go*u)r WL, | Q& | (¢'iD,9)@7"e)

to B B = iy 35 B 3) 7.51 5 v q,)

QyB ¢'p By, Que | (30" u,)0 By va | (P"iD, 0)(GHT Vg
~ >

Q<p§ ol B, B* Qic | (3o T4d,)p Gﬁu Qiu ("D u ) (Upy*ur)

4> s
Qews | ¢ITIeWLB* || Qaw | (Go**d )T oW, | Qua | (¢'iD,p)(dpr*d,)
Quvs | PTeWLB* || Qs | (30"d)¢Bu | Quua | #(@'Dup)(uyn"d:)

B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884
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SM as an effective theory: d=6 operators

(LL)(LL) (RR)(RR) (LL)(RR)
Qu | Grd)Erl) || Qe | Eme)@re) || Qe | (vl (@Erter)
@ | (@) @) || Qu | @mu) @ u) | Q| Gl (s ur)
& | @nr'e)@rt'e) | Qu | @Emd)dey'd) | Qu | Gy (devtdy)
Q7 | Gl @r'e) | Qe | Ewe)@au) || Qe | (@me)(E'er)
QY | G W)@V T'a) | Qe | (Evuer)(div*dy) W | (@) (@)
Q% | (@yvuu)(diy dy) QD | @Ta) @y T u,)
QY | @ T4u,)(dv*T4dy) | QY | (@ uar) (vt dy)
QY | (@7uT4e) (dsy*T4dy)
(LR)(RL) and (LR)(LR) B-violating
Qledg (Her) (o) Quug e, [(d3)TCuf] [(qF)Cl]
Qoora | @u)en(@d) | Qogu ek [(g29)TCqP*) [(ul)T Cey]
QY4 | @TAu)en(@TAdy) | QSth £*Pe jiEmn [(429)TCal¥] [(7™)7Cly)
Qu. | (Heei(@u) S e (7€) i (71€)mn [(957)TC¥] [(7™)7Cl7]
Quors | Bower)ein(@ o u) || Quun e [(d2)TCuf] [(wd)7Ce)

B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884
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SM as an effective theory: d=6 operators

(LL)(LL) (RR)(RR) (LL)(RR)

Qu | Grd)Torl) | Qe | @Eme)@rte) | Qe | Gl @Eter)
@ | (@) @) || Qu | @mu) @ u) | Q| Gl (s ur)
& | @nr'e)@rt'e) | Qu | @Emd)dey'd) | Qu | Gy (devtdy)

Q7 | Gvl)@r'e) || Qe | @wme)@vu) | Qe | (@7ua) (@ er)

QY | (G ) @ T'a) || Qea | (Evuer)(dy*dy) O (@rua) @y u)
QSJ) (ﬂp'Y#ur)(JS')’”dt) t(zz) (‘jp'YMTAqT)(ﬁS'Y”TAut)

QY | (@ T4u,)(dv*T4ds) | QY | (@7uer) (s dy)
QY | (@.T4a.)(dsy*T4dy)

(LR)(RL) and (LR)(LR) B-violating

Qledg (Le,)(dsl) Quug e*Prey [(d2)TCul] ()T ClF]

Qua | (@urein(@dy) | Qugu ek [(g27)TCqf*] [(u])T Cel]
Q¥ | (@T4u)ein(@T4dy) || Qe £%e jiEmn [(429)TCal¥] [(7™)7 Cly)
Qo | (Be)e(@u) ) e (11€) 1k (T1€)mn [(429)TCe¥] [(g7™)7Cl7]
QY | Bowe)em(@ o™ us) || Quua e [(d3)TCuf] [(u]) Ce,]

B. Grzadkowski et al., JHEP 10 (2010) 085, arXiv: 1008.4884
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SM as an effective theory: d=6 operators

(LL)(LL) (RR)(RR) (LL)(RR)
Qu | Grd)Trl) | Qe | @Eme)@rte) | Qe | (vl @rter)
@ | (@) @) || Qu | @mu) @ u) | Q| Gl (s ur)
& | @nr'e)@rt'e) | Qu | @Emd)dey'd) | Qu | Gy (devtdy)
Q7 | Gvl)@r'e) || Qe | @wme)@vu) | Qe | (@7ua) (@ er)
QD | ') @ m'a) | Qea | (Evuer)(div dy) @ (@) @ u)
QW | (@pvuur) (v dy) o | @VT4g) @y T4u,)
QY | @ T4u,)(dv*T4dy) | QY | (@ uar) (vt dy)
QY | (@7uT4e) (dsy*T4dy)
(LR)(RL) and (LR)(LR) B-violating and also L-violating!
Qiedg (Ber)(dsq)) Quug e [(dg)TCuf] [(¢7) Clf]
Qo | @uden(@d) | Quan e, [(g57)7 Caf*] [(ud)"Ce]
Q% | @TAu)en(@TAd) || Qb £%e jiEmn [(429)TCal¥] [(7™)7 Cly)
Q. | (Heeju(@u) . e (7€) i (77€)mn [(a57) T Cf¥] [(7™)7Cl7]
Qiow | Bouwer)ein(@o™ ) || Quu P71 [(d2)TCuf] [(w))" Ce,]
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Renormalizable dynamics generating the d=6 BLNV operators?

Elementary vertex:
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Renormalizable dynamics generating the d=6 BLNV operators?

Elementary vertex:

QED-like seed of
a renormalizable theory
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Renormalizable dynamics generating the d=6 BLNV operators?

Example: (ds Cugr)(Qt C Ly)
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Renormalizable dynamics generating the d=6 BLNV operators?

Example: (d% C uR%Qg CLyp)
Scalar exchange
(3,1,—3)® (3,1, +3)
A
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Renormalizable dynamics generating the d=6 BLNV operators?

Fierz

Example: (dy C uR%Q% CLrp) 4 (ur).Ql(dr)Vu L]

Scalar exchange
(37 17 _%) D (§7 ]-7 _l_%)
A
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Renormalizable dynamics generating the d=6 BLNV operators?

Fierz
Example: (dy C uR%Q% CLrp) 4 [(UR)C%Q/((dR)C%L]

Scalar exchange Vector exchange
(3717_%)@(§7la+%) (3727_%)@(3727+%)
A XH
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Renormalizable dynamics generating the d=6 BLNV operators?

Fierz
Example: (dy C UR%Q% CLrp) 4 [(UR)C%Q/((dR)C%L]

Scalar exchange Vector exchange
(3717_%)@(§7la+%) (3727_%)@(§727+%)
A XH

Proton instability!

new Yukawa interactions e new gauge interactions e+

\A
P ™ \
ST _ ~ U \G
u 0 ]ﬂ_O
\u]7T .
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Renormalizable dynamics generating the d=6 BLNV operators?

Fierz
Example: (dy C UR%Q% CLrp) 4 [(UR)C%Q/((dR)C%L]

Scalar exchange Vector exchange
(3717_%)@(§7la+%) (3727_%)@(§727+%)
A XH

Proton instability!

new Yukawa interactions e new gauge interactions e+

\A
P ™ \
ST _ ~ U \G
u 0 ]ﬂ_O
\u]7T .

What do we know about the suppression scale of these operators!?
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Existing limits

|950’s - M. Goldhaber

“Tickle in the bones” argument...

NB. 50% lethal dose is about 10**7° MeV /y
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Proton decay in water

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

gamma

Positron

" Proton

gamma

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Proton decay in water

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

Main background: vN — Ne' + #7r inelastic CC scattering of atmospheric neutrinos

gamma

Positron

Proton

gamma
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Proton decay in water

“Golden channel”; p — 7le™ Pr = Pe = 459 MeV
7TO — 2’7 Pv/r(resty = 68 MeV

Main background: vN — Ne' + #7r inelastic CC scattering of atmospheric neutrinos

Other complication - nuclear effects

- majority of nucleons in oxygen

- Fermi motion f\“

- pion charge exchange Positron {

- absorption > !k | .
.|/ Proton
\/

Other signals
- nuclear recombination - extra 6.3 MeV photon gamma

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

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



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 !
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Proton decay in water

“Silver channel”: p — KTv pk = 340 MeV Kaons don’t shine !
Kt —=u*+V [Br=63.5% Kt — n*+ 10 [Br=20.7% y
Vv /\W
e R 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% y
v [\ u
o -0 > it
p, = 236MeV/c p,. = 205 MeV
- single cone - 2 EM cones

- little opposite-side activity

Less sensitive than p — Ve

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Current Super-K limits (d=6 p-decay)

Decay mode SK detector Exposurc | Lifctime limit
[kt-years] [years]
p-etn? -1V 450 2.4 x 103*
p - utn® -1V 150 1.6 x 103%
p=-vrt =111 173 3.9 x 1032
n - vr® -1 173 1.1x 1033
p=ety -1V 373 1.4 x 1034
p-uty -1V 373 7.3 x 10%3
p-etp? -1V 316 7.2 x 1032
p- utp? -1V 316 5.7 X 1032
p-etw -1V 316 1.6 x 10%2
p-ptw -1V 316 2.8x 1033
n=e*tn- -1V 316 5.3 x 1033
n-utn -1V 316 3.5 x 1033
n-e*tp” I-IV 316 3.0 x 103!
n-=utp” I-IV 316 6.0 x 1031
p-vKkt -1V 365 8.2 x 1033
p - utK° -V 373 3.6 x 1033
p-etK° I 92 1.3 x 1033
p- utK® I 92 1.0 x 1033

Shunichi Mine, talk at the 22nd Int. Workshop on Next Generation Nucleon Decay and Neutrino Detectors (NNN23) 2024
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Suppression scale of d=6 BLNV operators
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Suppression scale of d=6 BLNV operators

pT d \
“ \:] !
-
[, ~—2 < (10%y)~!
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Suppression scale of d=6 BLNV operators

pT d \
“ \:] !
-
[, ~—2 < (10%y)~!

MZ 1015 GeV

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



NB Higher-dimensional BLNV phenomenology

d=6 : proton decay (B-L conserving)

0_+
p—mTe,. ..
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NB Higher-dimensional BLNV phenomenology

d=6 : proton decay (B-L conserving)

0_+
p—>mTe,...

d=7 : high-scale baryogenesis, p-decay exotics, V masses (B-L violating)

n—e Kt. n—ent, poatv
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NB Higher-dimensional BLNV phenomenology

d=6 : proton decay (B-L conserving)

0_+
p—>mTe,...

d=7 : high-scale baryogenesis, p-decay exotics, V masses (B-L violating)
_I_

n—e KT, n—ent,p—ontv
d=8 : multibody p-decay (B-L conserving)

+— -+
p—mTimT e, ...
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NB Super-K limits for d=8 p-decay channels

p - e*tn'n® -V 401 7.2%10™
p - utnn® -V 401 4.5 x 1033
p—etete I-IV 373 3.4 x 1034
p-utete I-IV 373 2.3 % 10%
p-uetet -1V 373 1.9 x 1034
p=etuty -1V 373 9.2 x 1033
p-e putut -1V 373 1.1 x 1034
p- ututu 1-1V 373 1.0 x 1034

p-etw I-1V 273 1.7 X 10%¢

p = utvy -1V 273 2.2 x 1032

Shunichi Mine, talk at the 22nd Int. Workshop on Next Generation Nucleon Decay and Neutrino Detectors (NNN23) 2024
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NB Higher-dimensional BLNV phenomenology

d=6 : proton decay (B-L conserving)

0_+
p—>mTe,...

d=7 : high-scale baryogenesis, p-decay exotics, V masses (B-L violating)
_I_

n—e KT, n—ent,p—ontv
d=8 : multibody p-decay (B-L conserving)

+— -+
p—mTimT e, ...
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NB Higher-dimensional BLNV phenomenology

d=6 : proton decay (B-L conserving)

0_+
p—>mTe,...

d=7 : high-scale baryogenesis, p-decay exotics, V masses (B-L violating)
n—e Kt. n—ent, poatv
d=8 : multibody p-decay (B-L conserving)
D — 7T+7T_6+, .
d=9 : (Majorana) neutron-antineutron oscillations,...
n<n,...
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006
En, om '\ . _ .
H = in the {|n), |1) } basis R. Mohapatra, |.Phys. G36 (2009) 104006
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006

H = < fﬂ"fb (ZE”_l ) in the {|n), |) } basis R. Mohapatra, |.Phys. G36 (2009) 104006

i) 46>
" UAE2 1 46m2

P(n — sin(v/40m?2 + AE?t)

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024
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Neutron-antineutron oscillations

Y. Kamyshkov, hep-ex/021 1006
H=( Ev 0 i the {|n),|n)} basis R. Mohapatra, ].Phys. G36 (2009) 104006
5m Eﬁ
452 in vacuum AF — 0

P(n — Sin2(\/45m2 +AE?t) —> P(n — 7) o sin?(dm t)

)~ ANEE L dsm?
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Neutron-antineutron oscillations

B Sm Y. Kamyshkov, hep-ex/021 1006
H = < 577":'; [ ) in the {|n), |n)} basis R. Mohapatra, |.Phys. G36 (2009) 104006
n
A2 in vacuum AE — 0
P(n —n) ~ AE2 + 45m>2 Sinz(\/45m2 + AE?t) i P(n — 7n) o sin®(dmt)

\ in nuclei or in magnetic field

om

Pln — 7i) ~ (E)Z sin?(AEt)

2 Be ~ 1072°GeV

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024
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Neutron-antineutron oscillations

B Sm Y. Kamyshkov, hep-ex/021 1006
H = < 577":'; [ ) in the {|n), |n)} basis R. Mohapatra, |.Phys. G36 (2009) 104006
n
A2 in vacuum AE — 0
P(n —n) ~ AE2 + 45m>2 Sinz(\/45m2 + AE?t) i P(n — 7n) o sin®(dmt)

\ in nuclei or in magnetic field

Indirect searches: nuclear stability Super-K,SNO P(n — 7i) ~ (5_m)281n2(AEt)
AE
Toen > 108 s => om <6 x 10733GeV 21 By ~ 10-20GeV
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Neutron-antineutron oscillations

B Sm Y. Kamyshkov, hep-ex/021 1006
H = ( 577":'; [ > in the {|n), |n)} basis R. Mohapatra, |.Phys. G36 (2009) 104006
n
A2 in vacuum AE — 0
P(n —n) ~ AE2 + 45m>2 Sinz(\/45m2 + AE?t) i P(n — 7n) o sin®(dmt)

\ in nuclei or in magnetic field

Indirect searches: nuclear stability Super-K,SNO P(n — 7i) ~ (5_m>281n2(AEt)
AE
Toen > 108 s => dm <6 x 107°GeV 2t Bg ~ 1072 GeV

Direct searches with free neutrons: Physics Reports 612 (2016)1-45

Cold Magnetic Vacuum
Neutron shield tube
/ Moderator \ \ Detegtor
‘,/< Supermirror
- . Annihilation
reflector
\ target e

¥

similar results
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Neutron-antineutron oscillations

B Sm Y. Kamyshkov, hep-ex/021 1006
H = ( 577":'; [ > in the {|n), |n)} basis R. Mohapatra, |.Phys. G36 (2009) 104006
n
A2 in vacuum AE — 0
P(n —n) ~ AE2 + 45m>2 Sinz(\/45m2 + AE?t) i P(n — 7n) o sin®(dmt)

\ in nuclei or in magnetic field

. ofe 2
Indirect searches: nuclear stability Super-K,SNO P(n — i) ~ (Z%) sin?(AE )
Tan > 108 8 ==> dm <6 x 107%3GeV 241y Bas ~ 10-20GeV
6
Sy o Aoep
. : 5
Direct searches with free neutrons: Physics Reports 612 (2016)1-45 ) M
U
Cold Mggnetic Vacuum \/
/:‘;:’::,‘:::to, i T i \
" : ' —’X
e | d 8-
; e similar results s
o i -l S — ‘
reflector 1
t t 1
\ arge /* 4
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Neutron-antineutron oscillations

B Sm Y. Kamyshkov, hep-ex/021 1006
H = ( 577":'; [ > in the {|n), |n)} basis R. Mohapatra, |.Phys. G36 (2009) 104006
n
A2 in vacuum AE — 0
P(n —n) ~ AE2 + 45m>2 Sinz(\/45m2 + AE?t) i P(n — 7n) o sin®(dmt)

\ in nuclei or in magnetic field

. ofe 2
Indirect searches: nuclear stability Super-K,SNO P(n — i) ~ (Z%) sin?(AE )
Tan > 108 8 ==> dm <6 x 107%3GeV 241y Bas ~ 10-20GeV
6
S o Aoep
. . 5
Direct searches with free neutrons: Physics Reports 612 (2016)1-45 ) M )
Cold Ma_!gnetic Vacuum \/
/R‘Ai‘;‘:::to, i T i \
" 3 ' —’X
/< . d ,."
; e similar results s
< T e e B e :
reflector t t I‘
\ arge /* 4

Neutron-antineutron oscillations probe O(100 TeV) scales!
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NB Higher-dimensional BLNV phenomenology

d=6 : proton decay (B-L conserving)

0_+
p—>mTe,...

d=7 : high-scale baryogenesis, p-decay exotics, V masses (B-L violating)
n—e Kt. n—ent, poatv
d=8 : multibody p-decay (B-L conserving)
D — 7T+7T_6+, .
d=9 : (Majorana) neutron-antineutron oscillations,...
n<n,...
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NB Higher-dimensional BLNV phenomenology

d=6 : proton decay (B-L conserving)

0_+
p—>mTe,...

d=7 : high-scale baryogenesis, p-decay exotics, V masses (B-L violating)
n—e Kt. n—ent, poatv
d=8 : multibody p-decay (B-L conserving)
D — 7T+7T_6+, .
d=9 : (Majorana) neutron-antineutron oscillations,...
n<n,...

No predictivity without information on scales & couplings

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



Close-to-Planck-scale dynamics?



SM running gauge couplings

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

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



SM running gauge couplings

Running gauge couplings in the SM: Gross, Wilczek, Politzer 1973
Georgi, Quinn,Weinberg 1974
d
dp

3
g 11 2 G 1 G
b=z | —5CG) + 3 ) T (Rpy) + 5 ) T5(Ree) | +
fw SC
~— ————
b
97 T
Bett dinates: § = - = o~ 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)

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



SM running gauge couplings

Beta-function for the SM gauge couplings: Georgi, Quinn,Weinberg 1974
10 1
b1 11 (Y 3 1 2
by | =—— [ 2 +2 2 +=| 2
b S\ 3 2 S\ 0
3 gauge ferm. scal.
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SM running gauge couplings

Beta-function for the SM gauge couplings: Georgi, Quinn,Weinberg 1974

bl 0 10

| M
O NN

gauge ferm. scal.

60
50 Y
10|
30¢
20|

10} _ 1
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SM running gauge couplings

Beta-function for the SM gauge couplings: Georgi, Quinn,Weinberg 1974
10 1
b1 11 (Y 3 1 2
by | =—— [ 2 +2 2 +=| 2
b . 2 S\ 0
3 gauge ferm. scal.

Mg = 10l GeV
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SM running gauge couplings

Beta-function for the SM gauge couplings: +X + A d=6 BNV mediators

1

10 1
bif \o1 11 (11 O 3 1 2T
ol )L o 5 T1
R ' B S
b 2 0+
3 3 gauge ferm. 2 saalscal.
2 — = @ h.c. (37 17 _%)

Mg = 10l GeV

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



SM running gauge couplings

Beta-function for the SM gauge couplings: +X + A d=6 BNV mediators

25 10 1,1
by | = Y 243 +2| 2 +3 s
1
b3 3+2 gauge - ferm. 0+ 2 scal.
(3,27—%)@h.6. (3717_%)

Mg = 10l GeV
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SM running gauge couplings

Beta-function for the SM gauge couplings: +X + A d=6 BNV mediators

3 1
3h) N 2 e
bo - —— 5 + 2 2 + — =
3 3\ 1
b3 gauge - ferm. 2 scal.
60
, ter

Mg = 10l GeV
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SM running gauge couplings

Beta-function for the SM gauge couplings: +X + A d=6 BNV mediators

3 1
501 11 ° ° 1 [ 3
bo - —— 5 + 2 2 + — =
; 3 , 3\ %
3 gauge ferm. 2 scal.

60 : : ,
| te single coupling as in

a gauge theory

50| :
| ! with a simple
40 E gauge group
30
| ! ~ |06
20! : Mg ~ |10!6 GeV.
Lol :
i t = = log — !
’ 27 S MZ :
1 2 3 4 5
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SM running gauge couplings

Beta-function for the SM gauge couplings: +X + A d=6 BNV mediators

3 1
501 11 ° ° 1 [ 3
bo - —— 5 + 2 2 + — =
; 3 , 3\ %
3 gauge ferm. 2 scal.

60 : : ,
| te single coupling as in

a gauge theory

50| | auge ¢
; with a simple
40 | E gauge group
30|
| : ~ |06
20| 3} MG = 10" GeV
10 E consistency
:— t = 5-log Mo : determines the
e masses of
1 2 3 4 5 Xand A!
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Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).
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-i'én é -er"i'es'of hypothes'es' c-

‘f ulations leading inescapably to the conclusion
§ that SU(5) is the gauge group of the world—that
| all elementary particle forces (strong, weak,

&

t and electromagnetic) are different manifestations ‘"

§ 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-

plicity of our scheme are reasons enough that it

be ta.ken senously

~ -

Unlqueness of SU(5) @ rank—

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 interactions arve mediated
by an octet of neutval vectoy 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
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The minimal SU(5) GUT
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The minimal SU(5) GUT
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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)
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The minimal SU(5) GUT

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

SUB).®SU12),@U(1)y »  SU(H)

& (
Q.
W
(V)
wWo

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

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



The minimal SU(5) GUT

Gauge sector: 24 =(8,1,0)® (1,3,0) & (1,1,0)8(3,2, - 2) @ (3,2, +3)
AH
G W2y G* A¥ B XH
B
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The minimal SU(5) GUT

Gauge sector: 24 =(8,1,0)® (1,3,0) & (1,1,0)8(3,2, - 2) @ (3,2, +3)
A* N
K W 7 +
G i L GH AM B X H /
=4
H A
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The minimal SU(5) GUT

Gauge sector: 24 =(8,1,0)® (1,3,0) & (1,1,0)8(3,2, - 2) @ (3,2, +3)
A+ N
K W 7 +
G i L GH AM B X H /
=4
v \U] 0
Scalar sector:  SU(3). ® SU(2), ® U(1)y — SU(3).® U(1)g "
SM Higgs: B = (17574_%)@(31,_%) /
H A p+, j N
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The minimal SU(5) GUT

Gauge sector: 24 =(8,1,0)® (1,3,0) & (1,1,0)8(3,2, - 2) @ (3,2, +3)
AH
Gr o WEZy G* AP B X
B

Scalar sector:  SU3).®SU(2), @ U(1)y — SU(3). ® U(

1)g
H A p+, " ‘A/
AN

c ci

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

Michal Malinsky, IPNP CU Prague EuCAPT Astroneutrino theory workshop/summer school 2024



The SU(5) hypercharge issue

GUT-compatible hypercharge: cY = Tyy € SU(5)
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The SU(5) hypercharge issue

GUT-compatible hypercharge: cY = Tyy € SU(5) (Jrl \
3
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Normalization: Tr{T,, Ty} = 3045 TS, (X i
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The SU(5) hypercharge issue

GUT-compatible hypercharge: cY = Tyy € SU(5) (Jrl \
3

o

Normalization: Tr{T,, Ty} = 2das TS, = - +1
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The SU(5) hypercharge issue

GUT-compatible hypercharge: cY = Tyy € SU(5) (Jrl \
3

o

Normalization: Tr{T,,T;} = %6(11, TS, = g +1
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Maybe the SM gauge couplings encode two scales !?
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Maybe the SM gauge couplings encode two scales !?

Evolution of gauge couplings in SO(10) GUT with intermediate LR

SU3). ® SU2). ® SU(2)r @ U(1)p_1
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Maybe the SM gauge couplings encode two scales !?

Evolution of gauge couplings in SO(10) GUT with intermediate LR

SU3). ® SU2). ® SU(2)r @ U(1)p_1
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Maybe the SM gauge couplings encode two scales !?

Evolution of gauge couplings in SO(10) GUT with intermediate LR

SU3). ® SU2). ® SU(2)r @ U(1)p_1

SU(2)r x U(1)s.L-breaking scale

SO(10)
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Maybe the SM gauge couplings encode two scales !?

Evolution of gauge couplings in SO(10) GUT with intermediate LR

SU3). ® SU2). ® SU(2)r @ U(1)p_1

SU(2)r x U(1)s.L-breaking scale

SO(10)
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Maybe the SM gauge couplings encode two scales !?

Evolution of gauge couplings in SO(10) GUT with intermediate LR

SU3). ® SU2). ® SU(2)r @ U(1)p_1

SU(2)r x U(1)s.L-breaking scale
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...or they may indicate a low-scale supersymmetry(?)
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...or they may indicate a low-scale supersymmetry(?)

Evolution of gauge couplings in the MSSM
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...or they may indicate a low-scale supersymmetry(?)

Evolution of gauge couplings in the MSSM (with TeV-scale SUSY)

+ gauginos
+ higgsinos

+ squarks and sleptons
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...or they may indicate a low-scale supersymmetry(?)

Evolution of gauge couplings in the MSSM (with TeV-scale SUSY)

+ gauginos
+ higgsinos

+ squarks and sleptons
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...or they may indicate a low-scale supersymmetry(?)

Evolution of gauge couplings in the MSSM (with TeV-scale SUSY)

+ gauginos
+ higgsinos

+ squarks and sleptons
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...or they may indicate a low-scale supersymmetry(?)

Evolution of gauge couplings in the MSSM (with TeV-scale SUSY)

+ gauginos
+ higgsinos

+ squarks and sleptons

60 TeV-scale SUSY is unlikely though...
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Neutrinos in SO(10) GUTs



