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Outline

@ Consequence of Grand Unification and Neutrino Mass

@ Observable n—n Oscillation in UV Complete Seesaw Models

Y49

New
Physics

% n—n oscillation V. kuzmin 1970

ﬂ?; Observable n_ﬁ |n I'eallstIC GUTS Dor3ner, Fajfer, Saad 2025
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Shortcoming of the SM

X Neutrino mass X baryon asymmetry Xdark matter

v  Extension of the SM. — Guideline?
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Coupling Constants in the Standard Model

@ Group: SU(3) x SU(2) x U(1) Strength of Forces: a5, an, vy

1

60 ~_ Standard Model

1 10° 1010 1015
Energy, GeV

SU(3) x SU(2) x U(1) — Bigger symmetry!
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Why Grand Unification Is a Natural Expectation
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What is the Minimal GUT?
o SU(3) x SU(2) x U(1) C SU(5)

Georgi and Glashow 1974

— Only one unified force!

e SU(5) : Quark-Lepton unification

5s = H(1,2,3) + T(3,1,-1)
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Georgi—Glashow model

o GG model: 5 + 10 + bs + 24¢
X Myg=M]

X Gauge coupling unification

X M,=0

— Accidental B — L global symmetry
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Neutrino Mass

@ Weinberg operator (Majorana neutrinos)

1= — 1
Ls = K5F5F5555 = LLHH+dd“TT

AlL=+2 AB=-2

-~

AB—L)=—-2

(.

1 1
chdc T — ﬁdcdc (u¢d) (u°d) — n — 7 oscillation
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Consequences

QUARK-LEPTON MAJORANA
UNIFICATION NEUTRINO
(GG MODEL) # MASS

UNIFIED
DYNAMICS
|A(B = L)| =2
y
PROTON DECAY |[|n-7m OSCILLATION 0vB3 DECAY
|AB| = |AL| =1 |AB| = 2 ALl = 2
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(Realistic) Neutrino Mass and n—n in SU(5)

MODEL CONTENT v MASS [CLASS | TOPOLOGY n-n MEDIATORS
Georgi—Glashow |z
eorg(lGG)as OIS+ 10F;+ 55+ 245 - - - -
S =55, R =1
Type I seesaw GG +1p+1Fr tree-level 1 B —(G.11/3), F = (1,1,0)
Type II seesaw GG + 155 tree-level| II A S?(JL =35 Sg(d =15
=B.1,1/3), $=(6,1,-2/3)
Type II seesaw S“ = = 453, Sg‘d( =155
(variant) GG +155+455  |tree-level| 1I A 51 6.1, 1/3)7 S, = (6,1,-2/3)
Type Il seesaw | GG + 24 + 24, tree-level I B S 3 =3 Fld =24
ype T ses e = (3.1.1/3), F=(1,1,0)
Type I1I seesaw ] Stlhi‘ =453, Fld —24r
(variant) GG +24f +455  |tree-level I B S1=(6,1.1/3), F = (8, 1,0)
tree & §{ 4" =55, 8, =355, F{ =15
BNT GG + 15 + 355 one-loop U1 C S1=(3,1,-1/3), S, =(10,1,1),
=(6,1,-2/3)
S =455, S99 =105
Zee GG +105+455  |one-loop| 1II Al S1=(6,1,1/3), S2=(3,1,-2/3)
s”d‘ 105, S5 =505
Zee-Babu GG +105+505 | two-loop 1I All —G31, 72/3 > = (6,1,4/3)
yff 155, S5 =505
- N 6,1,-2/3 6,1,4/3
Zee Babu GG + 15+ 505 tree & I A 1= /()‘ =(6,1,4/3)
(variant) two-loop S]QQ =505, Sg 4 _ 154
S1=1(6,3,1/3), S, =(6,1,-2/3)
Dorgner, Fajfer, Saad 2025
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Neutrino Mass and n—n in SU(5)

MODEL CONTENT v MASS [CLASS | TOPOLOGY n-n MEDIATORS
G i—Glashow |-
eorg(lGG)as OIS+ 10F;+ 55+ 245 - - - -
S =55, R =1
Type I seesaw GG +1p+1Fr tree-level 1 B —(G.11/3), F = (1,1,0)
Type II seesaw GG + 155 tree-level || 1II A S?(JL =35 Sg(d =15
= (3,1.1/3), S=(6,1,-2/3)
Type II seesaw S“ = = 453, Sg‘d( =155
(variant) GG +155+455 | |tree-level|| II A 51 6.1, 1/3)7 S, = (6,1,-2/3)
Type Il seesaw | GG + 24 + 24, tree-level 1 B Si ” =35 Fld =24r
P e = (3.1,1/3), F=(1,1,0)
Type I1I seesaw ] S’l‘c"( =453, Fld —24r
(variant) GG +24f +455 | |tree-level I B S1=(6,1.1/3), F = (8, 1,0)
tree & §{ 4" =55, 8, =355, F{ =15
BNT GG +15¢+355 o Feon c S1=(3,1,—1/3), S, =(10,1,1),
=(6,1,-2/3)
S =455, S99 =105
Zee GG +105+455 || one-loop || II Al S1=(6,1,1/3), S2=(3,1,-2/3)
SFd =105, S5 =505
Zee-Babu GG + 105+ 505 | two-loop ‘ 1I All S1=(,1,-2/3), S2=(6,1,4/3)
ST =155, 8§ =505
Zee-Babu tree & S1= (6,1, ~2/3) =(6,1,4/3)
(variant) GG +155+50s two-loop u A SQ =505, S§ = 155
= (6, 3 1/3) S, =(6,1,-2/3)
Dorgner, Fajfer, Saad 2025
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Neutrino Mass and n—n in SU(5)

MODEL CONTENT v MASS [CLASS | TOPOLOGY n-n MEDIATORS
G i—Glashow |-
eorg(lGG)as OIS+ 10F;+ 55+ 245 - - - -
S =55, R =1
Type I seesaw GG +1p+1Fr tree-level @ B —(G.11/3), F = (1,1,0)
Type II seesaw GG + 155 tree-level | [/ II A S?(JL =35 Sg(d =15
=B.1,1/3), $=(6,1,-2/3)
Type II seesaw U S“ = = 453, Sg‘d( =155
(variant) GG +155+455  |tree-level| \ II A 51 6.1, 1/3)7 S, = (6,1,-2/3)
Type Il seesaw | GG + 24 + 24, tree-level 1 B Si ” =35 Fld =24r
ype T ses e = (3.1.1/3), F=(1,1,0)
Type III seesaw ] U S:]M‘ — 455, Fld — 24
(variant) GG +24F +455 |tree-level I B S1=(6,1.1/3), F = (8, 1,0)
tree & §{ 4" =55, 8, =355, F{ =15
BNT GG +15¢+355 | 1 "op c S1=(3,1,—1/3), S, =(10,1,1),
=(6,1,-2/3)
S =455, S99 =105
Zee GG +105+455 | one-loop ﬁl\ AU s s B _2/3)
SFd =105, S5 =505
Zee-Babu GG +105+505 | two-loop { 1I ) All S1=(,1,-2/3), S2=(6,1,4/3)
\\// ST =155, 8§ =505
Zee-Babu tree & S1= (6,1, ~2/3) =(6,1,4/3)
(variant) GG + 155 +305 two-loop W A SQ =505, sS4 = 155
= (6, 3 1/3) S, =(6,1,-2/3)
Dorgner, Fajfer, Saad 2025
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Neutrino Mass and n—n in SU(5)

MODEL CONTENT v MASS [CLASS | TOPOLOGY n-n MEDIATORS
G i—Glashow |-
eorg(lGG)as OIS+ 10F;+ 55+ 245 - - - -
S =55, R =1
Type I seesaw GG +1p+1Fr tree-level 1 —(G.11/3), F = (1,1,0)
Type II seesaw GG + 155 tree-level| II A S?(JL =35 Sg(d =15
=B.1,1/3), $=(6,1,-2/3)
Type II seesaw S“ = = 453, Sg‘d( =155
(variant) GG +155+455  |tree-level| 1I A 51 6.1, 1/3)7 S, = (6,1,-2/3)
Type Il seesaw | GG + 24 + 24, tree-level 1 B Si ” =35 Fld =24r
pe T sees re =(3,1,1/3), A =(1,1,0)
Type I1I seesaw ] S’l‘c"( =453, Fld —24r
(variant) GG +24f +455  |tree-level I B S1=(6,1.1/3), F = (8, 1,0)
tree & §{ 4" =55, 8, =355, F{ =15
BNT GG +15¢+35s | oop| T S1=(3,1,—1/3), S, =(10,1,1),
=(6,1,-2/3)
ﬁ S =455, S99 =105
Zee GG + 105 +455 one-loop II Al S1=(6,1.1/3), S = (37 1,-2/3)
SFd =105, S5 =505
Zee-Babu GG +105+505 | two-loop 1I ‘ All | S1=(,1,-2/3), S2=(6,1,4/3)
ST =155, 8§ =505
Zee-Babu tree & S1= (6,1, ~2/3) =(6,1,4/3)
(variant) GG +155+50s two-loop u A SQ =505, S§ = 155
= (6, 3 1/3) S, =(6,1,-2/3)
Dorgner, Fajfer, Saad 2025
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Neutrino Mass and n—n in SU(5)

MODEL CONTENT v MASS [CLASS | TOPOLOGY n-n MEDIATORS
G i—Glashow |-
eorg(lGG)as O |5+ 105, + 55+ 24 - - - -
S =55, R =1
Type I seesaw GG +1p+1fF tree-level I B —G1,1/3), F = (1,1,0)
Type II seesaw GG +15 tree-level| 1T A S?(dl =55 §5 T =155
P s = (3.1.1/3), S =(6,1,-2/3)
Type II seesaw su fdT =45}, Sg‘d‘ =155
(variant) GG +155+455  |tree-level| 1I A 51 6.1, 1/3)7 S, = (6,1,-2/3)
Type Il seesaw | GG +24F + 24, tree-level I B Sy <= 35 Fld =24
Ype 1 sees P =(3,1,1/3), F = (1,1,0)
Type I1I seesaw ] S?L" =453, Fld —24r
(variant) GG +24f +455  |tree-level I B S1=(6,1,1/3), Fi = (8,1,0)
tree & S?d =55, S» =355, F] = 15p
BNT GG +15p+355 | o, T c S1=(3,1,—1/3), S, =(10,1,1),
=(6,1,-2/3)
Zee GG +105+455 | one-loop| I Al [T =455 85 =105
ST P Sy =(6,1,1/3), S2=(3,1,-2/3)
s{”d‘ =105, S5 =505
Zee-Babu GG +105+505 | two-loop 1I All —(B.1,-2/3), $>— (6,1,4/3)
sf¢ 155, S5 =505
Zee-Babu tree & Sl (6,1, —2/3) =(6,1,4/3)
(variant) GG +155+50s two-loop I A SQ —50;, s4d = 155
= (6, 3 1/3) S» =(6,1,-2/3)
Dorgner, Fajfer, Saad 2025
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Saad

Type I/Ill mechanism in SU(5)
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(a) Type I/III seesaw mechanisms in SU(5).
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B—L=—

////'//// i \\\\‘\\\\
(b)) TOPOLOGY B|for n—7 ocillation.

Dor¥ner, Fajfer, Saad 2025
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Saad

Type Il mechanism in SU(5)
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(a) Type II seesaw mechanism in SU (5).

di  di
:
Srh
di 2 dj
M 1 M
__.4__J.__>___
W B—L=-2 I

(b)ITOPOLOGY A [for n—7 oscillation.
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Saad

BNT mechanism in SU(5)

(a) BNT mechanism in SU(5).

AN A

AT
y ™
S

(b)) TOPOLOGY Cffor n—n oscillation in the BNT embedding.

Dor¥ner, Fajfer, Saad 2025
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Zee mechanism in SU(5)

L
|
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=
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|
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(b) TOPOLOGY Alffor n—n oscillation with i = 1,2,3 and j =2,3.
Dorgner, Fajfer, Saad 2025
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Saad

Zee-Babu mechanism in SU(5)

#7105 5 1058,
/ v 505
5¢ ! 5F 107 | 10F 5¢ % S
Ss Ss

S4

S ' S
__*__J___»___

B—-L=-2

(b) TOPOLOGY AII for n—7 oscillation with i, j = 1,2,3 and
k,1=2,3.

Dor¥ner, Fajfer, Saad 2025
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Realistic SU(5) GUTs

1

Mg = - Yivs +

1 1

ML = ZYivs —

1= Type-ll seesaw:

5H o (bl(la 27 1/2)7

e Ly DY §F10F57-,'

2 2\/§ % 30;

2 26 .

+ Y5 5£10£45],

45H D Z]_(].7 2, 1/2) Georgi, Jarlskog 1979

60)

Yovas “

Yavas “

— ay”

-
— Qg

2 Meur=3x10" GeV Y agyr'=32

GG+454 + 154

Dorgner, Perez 2005; Dorsner, Mocioiu 2008

1= Type-I+I1ll seesaw:

GG+45y + 24¢

Bajc, Senjanovic 2006; Dor3ner, Perez 2006; Perez 2007

Saad

uGev
Dor3ner, Perez 2006;

107

Saad 2019

3
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SU(5): Type-ll Seesaw

45H o 26(6, ]-a _%)

154 D A(1,3,1) + Ag(6,1,2)

455
01 C S5y "~ L,’/¢1C5H
dc/e C5F d/ec C 10p N
> ¢ :
YA C 15y
dc u \% gglf E v C(sF
i (e
N oo
b f s
Y46

Dorgner, Fajfer, Saad 2025
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SU(5): Type-l-+I1ll Seesaw
454 O %6(6,1,-%), 24F D &(1,1,0) +&(1,3,0) + &(8,1,0)

1
Y45},

? M, #0
d'feCSp 1d/eC10p 45 ()
) « F;
g6 (59

@

o

n—n

Dor¥ner, Fajfer, Saad 2025
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Seesaw in SU(5)

—0 0
o K°—-K ,B°-B
d¢ A6 ¢ d€ df ¢
e e >
di 4 rd; Aga YAe
] — eyl N
' s¢ Ag d* 5¢ d¢ dc
YAs A
! de g s¢ de u; s¢
: e — — —
dc Yltlltl dc u;,’\ Vu; Egi ":’22
_(_.___* _____ _(_ ( 1 > : (
¢ o d* s¢ u; d°

Fortes, Babu, Mohapatra 2013; Dor¥ner, Fajfer, Saad 2025
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Seesaw in SU(5)

o Collider: dijet resonance

CMS 2019

-1
T NN . - 18 L AL 1.
i) E
2 CMS| 95% CL limits b
< {QLF" | Ratio o Observed -
né E,,"m” method BB - 1 std. deviation ;
<! = + 2 std. deviation ]
1 N
N quark-quark ]
L -

%, ~ -
1R T ;
S S 3
10°2 Ky “N ]
oo RN 3
107 e ]
w N N 3
7 ]

10~4 ==« DM mediator

Axigluon/coloron
— — Scalar diquark

2 345 e 78
Resonance mass [TeV]
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Super-Kamiokande: bound neutrons

— -1
° rdecay rate per neutron per sec —— (RTn_ﬁ)
@ Nevents ~ Np X [ X tg X €

@ R~ 05x10%/s, N, ~ 10%n, tgx ~ 20yrs

Tffﬁ > 4.7 x 1088 sk 2020
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NNBAR Experiment: free neutrons

nnbar detector area

Source =
: . I—\|-> |
Foil 1 I Foil 2

Reflector
e S
Trap

Magnetic Shielding and Vacuum Tube

nnbar beamline

oL ~200m=t~04s.
o P~ 272 -~ 7 x 10719 75K~ 15 years.
o N, ~10"n/s. Nyyents ~ N, X P ~ few (in few years).

TNNBAR > 3 % 10%s  ESS 2020
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Type-ll: benchmark fit

N
1.3684752 % 1076 0 0
Y= 0 1.07234 % 105 0
o 0 9.14325 x 10-3 0.5160)' 74761 0.4641 11119 0.2127 025171

ydd — | 0.4641" 1119 15927 ¢~04950i () 9481 o~22034i
~0.42643i 0.17418i 1.54868i . o o .

0.04368 ¢ 0.04211¢ ) 0.53368¢ . 02127925171 0.9481 ¢~2204 (). 6666.¢-26527i

Y2 =] 0.00097 314136/ (0.10053 ¢~ 24176 (.02185 027067 % ) )
0.24740¢~ 17329 (.66821 05958 1 00000061401 0.0208)e*%778  0.0706¢"71807 (.3497 ¢0-1300¢

Y= | 0.0486¢!40%07 0.1078 ¢ 09332 0.2656¢! 005

0.30619¢ 297735 25071 ¢~ 3138821 () 05531 ¢ 002854
Yy = | 0.25071 ¢ 313882 1000002233101 (.80237 ¢ 12855
0.05531 002854 (0.80237¢%12855  ().51987 ¢ 139481

0.1185¢ 021621 .8000 ¢! 56111 0.9697 £06558

My # M

M, #0

81 = & = 83 = 8GuT

7(p — 7%™) > 2.4 x 103* years
n—n oscillation

v Flavor & Collider constraints

Dor3ner, Fajfer, Saad 2025
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Observable n—n: Type-ll/1ll Seesaw

TSK >47x10%s, 78K > (6—10) x 10°s, 7PUNE >7x10%s, 7hNPAR >3 10%s.

n—n =

150 500
Model A (NO) Model B (NO)
100 300
FCC-hh (dijet resonance) 200
70 0 TeV, 30 ab™

[l T N i rhihonthr N 150
2, ; =
50 % \ g
% 100 @

o \\0 ] FCC-hh (dijet resonance)
< 9\ %, s 707 /s =100 TeV, 30 ab™?
v 30 o\ \ %, d 3 . v
=) =\ \ % £ s0 F 1,

5 o\ s |9 %)%
& R % \% g i O\ %
20 ¥ “\% ) NS\ R,
% % 30 2 DRI
20 = O ’s}.\{
\
10 \
\\
10 \
\
LHC (dijet resonance) A

- -1 LHC (dijet resonance)

Vs=13Tev, 1371 5 /s =13 TeV, 137 fb*
Io* 102 10° 10* 10> 10° 10’ 10° 10° 10* 10% 10® 10* 10° 10° 107 10°
my, (TeV) me, (TeV)
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Upshot

0v38 DECAY
IAL| = 2

PROTON DECAY
IAB| = |AL| = 1

Y

THANK YOU!

n-n OSCILLATION
|AB| = 2
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