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Outline

How do we construct SO(10) GUTSs?
3
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Outline

What are GUTs good for?

How do we construct SO(10) GUTSs?

The story of the minimal “reasonable” SO(10) GUT
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SU3).® SU(2)L ® U(1)y symmetry

Entire Standard Model matter family fits within one SO(10) irrep

16F = (3: 21 +é) D (17 2: _%) &) (31 1:' +%) D (g: 11 _%) SZ (1? 1:+1) D (11 1:0)

u Ve ]
d o R URr €ER VR &
L L
Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 202 3 /many

Pirsa: 21040029 Page 5/60



3 T3-like
TL ¥ Q (B o L)/Q generator
for RH fields!

_I_

_|_
D=
_|_
Wi Wi Wl Wb

L
|

M= N
|

S~
=y
S
A

[,
7ol
<,
|
Wi Wi
I
_|_
=

l
b=
|
b_k
N —

L

VR 0 0 0
€R 0 —1 —1

|
M=

Michal Malinsky, IPNP Prague SO(10) GU s and their phenomenology Perimeter |.,April 26 202 5 /many

Pirsa: 21040029 Page 6/60



T3-like
generator

1 _I_g for RH fields!
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-ati-dSalam perspective

SU(?))C b3 SU(Q)L X SU(2)R X U(]-)B—L symmetry

(3)L|(’?)L (5) : (©),

SU(3)e ® U(1)p_1 C SU4)c

1 1
(0 %),

N

First attempt to unify quarks and leptons... (even before the charm discovery!)
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PHYSICAL

VoLume 32 Nusser 8§

REVIEW

pES)IPEISD

LETTERS 25 Fenruary 1974

Unity of All Elementary-Particle Forces

Howard Georgi* and §

Lyman Labovatery of

, Harvard
{Received

L. Glashow

Strong, electromagnetic, amd weak forces are conjectured to arise from a single funda-
mantal interaction based on the gauge group SU{S) .

We present a series of hypotheses and spec-
ulations leading inescapably to the conclusion
that SU(5) is the gauge group of the world—that
all elementary particle forces (strong, weak,
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 taken seriously.

Our starting point is the assumption that weak

and electromagnelic forces are mediated by the

bosons vient theory with
w, A model de-
seribing the interactions of leptons using the
gauge group SU(2) 2 U(1) was first proposed by
Glashow, and was improved by Weinberg and
Salam who Incorporated spontaneous symmelry

vector

f a gauge-i
sporfaneons synmelry brea

breaking.' This scheme can also describe had-
rons, and is just one example of an infinite class
of models compatible with observed weak-inter-
I we assume that there
are as few fernion fields as possible and, in
particular, that there are no unobserved leptons,
the Weinberg model becomes unique up to exten-
sions of the gauge group: The observed leptons
may be described by six left-handed Weyl fields
¥ *. iy ") and their charge
conjugates, If the gauge couplings do not mix
leptons with quarks, these six fields must trans-
form as a representation of the gauge group: one
of the 23 subgroups of U(6) containing an SU(2)

U(1) subgroup in which the leptons behave as
they do in the Weinberg model.

To include hadrons in the theory, we must use

action phenomenology.

(ey"y p s Py VL, €

the Glashow-Iliopoulos-Malani (GIM) mechanism
carrying charm.”

and introduce a fourth quark p

Michal Malinsky, IPNP Prague

of the GIM mechanism with the notion of colored
quarks" keeps the successes of the quark model
and gives an important bonus: 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 sfrong inderactions are medialed
by am eclel of newfra Z€ ] MS A8 -
sociated with local color SU(3) symmetry, and
that there are no fundamental strongly interact
ing scalar-meson flelds,” This insures that
parity and hypercharge are conserved to order
o,” and does not lead to any new anomalies, so
that the theory remains renormalizable, The
strongest binding for
states which may expls
lie in

ter g

are in color singlet

in why observed hadrons
g and g configurations.” And, it glves
another important bonus: Since the strong inter-
actions are associated with a non-Abelian theory,
they may be asymptotically free.”

Thus, we see how attractive it is for strong,
weak, and electromagnetic interactions to spring
from a gauge theory based on the group & = SU(3)
=5U(2) ®U{1). Alas, this theory is defective in
one important respect: It does not truly unify
The
SU(2)®U(1) gauge couplings describe two inter-
actions with two independent coupling constants;
a true unification would involve only one,

Electric charge is observed to be quantized,
This has no natural explanation in the framework
of conventional quantum electrodynamics, but it
is necessarily true in any unified theory'"—yet
another reason to search for a true unification.

We must assume that the gauge group is larger
than F. Suppose it is of the form SU(3) &W where
W contains SU(2) = U(1) but has a unique gauge
coupling constant. W must be simple, or the di-

weak and electromagnetic interactions,

SU(5)

J

10 :

1

SO(10) GUTs and their phenomenology

H. Georgi, S. Glashow, PRL 32, 1974
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be taken seriously.

VoLume 32, Numses §

PHYSICAL REVIEW LETTERS

25 Femrvary 1974

Unity of All Elementary-Particle Forces

Howard Georgi* and §

s, Harvard
(Received

Lyman Labhovatory of

Strong, electromagnetic, amd weak forces are conjectured to arise from a single funda-
mantal interaction based on the gauge group SU{S) .

We present a geries of llyput!l-t'ses and spec-
ulations leading inescapably to the conelusion
that SU(5) is the gauge group of the world—that
all elementary particle forces (strong, weak,
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

CHIT & iy S e AR B prIo .
and electromagnetic forces are mediated by the

vector bosons of a gange-invaviant theovy with

; Uniqueness of SU(5)

Glasnow, ana was UMProvea 0y wWellourg and
Salam who Incorporated spontaneous symmelry
breaking. This scheme can also describe had-
rons, and is just one example of an infinite class
of models compatible with cbserved weak-inter -
action phenomenology. U we assume that there
are as few fernmion fields as possible and, in
particular, that there are no unobserved leptons,
the Weinberg model becomes unique up to exten-
sions of the gauge group: The observed leptons
may be described by six left-handed Weyl fields
(ey"y my"y v, w0 €7, py ") and their charge
conjugates, If the gauge couplings do not mix
leptons with quarks, these six fields must trans-
form as a representation of the gauge group: one
of the 23 subgroups of U(6) containing an SU(2)
2 U(1) subgroup in which the leptons behave as
they do in the Weinberg model.

To include hadrons in the theory, we must use
the Glashow-Iliopoulos -Maliani (GIM) mechanism
and introduce a fourth quark p° carrying charm.?

Michal Malinsky, IPNP Prague

of the GIM mechanism with the notion of colored
quarks® keeps the successes of the quark model
and gives an important borus: Lepton and hadron
anomalies cancel so that the theory of weak and
electromagnetic interactions is renormalizable.”
The next step is to include strong interactic
We assume that sfrong inleractions are medialed
ta g i TR
sociated with local color SU(3) symmetry, and
that there are no fundamental strongly interact
ing scalar-meson fields," This insures that
parity and hyp
a,” and does not lead to any new anomalies, so
that the theory remains renormalizable, The

at the rank=4 level

LT POT G : oInce e swrong inter -
actions are associated with a -Abelian theory,
they may be asymptotically Fr:}%"

Thus, we see how attractive it is for strong,
weak, and electromagnetic interactions to spring
from uge theory based on the group & = SU(3)
= S5U(2)@U(1). Alas, this theory is defective in
one important respect: It does not truly unify
weak and electromagnetic interactions. The
SU(2)®U(1) gauge couplings describe two inter-
actions with two independent coupling constants;
a true unification would involve only one,

Electric charge is observed to be quantized,
This has no natural explanation in the framework
of conventional quantum electrodynamics, but it
is necessarily true in any unified theory'*—yet
another reason to search for a true unification.

We must assume that the gauge group is larger
than F. Suppose it is of the form SU(3) @ W where
W contains SU(2) & U(1) but has a unique gauge
coupling constant. "W must be simple, or the di-

5,

by an aclel of newlral

arge are conserved to order

SO(10) GUTs and their ph
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Extra degrees of freedom in SO(10) - a model building maze
- SO(10) models are often ENTIRELY DEFINED by their scalar sector

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |, April 26 202 I 1" fmany
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Extra degrees of freedom - the minimal SU(5) GUT

Gauge sector: 24 =(8,1,0) & (1,3,0) & (1,1,0)0(3,2,—2) & (3,2,+2)
X;;..
— —
Y

Scalar sector:

SM Higgs: SU(3). x SU(2) x U(l)y — SU@3). x U(1)g
5=(1,2,+3)®(3,1,—3)
A

GUT-breaking scalars: SU(5) — SU(3). x SU(2)r, x U(1)y

24=(1,1,0) ® (8,1,0) & (1,3,0)® (3,2, -2) & (3,2,+2)
The choice of GUT-breaking scalars is very limited (rank=4)!

SO(10) GUTs and their phenomenology

i1~ rf ) : —— L o 5 - """‘-.__‘ — » |
difterent unirications really dimrerent:

Perimeter I,,April 26 2021 |0 /many
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Extra degrees of freedom in SO(10) - a model building maze
- SO(10) models are often ENTIRELY DEFINED by their scalar sector

SU(4)c x SU(2), x SU(2)r classification

10 = (1,2,2) @ (6,1,1
16 = (4,2,1) & (4,1,2)
45=(1,3,1)&(1,1,3) & (15,1,1) & (6,2,2)
54 = (1,1,1) & (1,3,3) @ (20',1,1) & (6,2, 2)

( M SM singlets
(
(
(1,
120 = (1,2,2) & (10,1,1) & (10 1,1)® (6,3,1) ® (6,1, 3) & (15,2, 2)
(
(
(

B SM Higgs-like doublets

\-_p’w-._.-/w-._.-/\-_-/

126 = (6,1,1) & (10,3,1) & (10,1, 3) & (15, 2, 2)
144r 4,2,1) @ (4,1,2) & (4,2,3) & (432)@(2021) (20,1, 2)
210_ 1,1,1)e (15,1,1) & (6,2,2) & (15,3,1) & (15,1, 3) & (10,2, 2) & (10,2, 2)

Barring the singular 144, at least a pair is always needed, probably more...

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 || /many

Pirsa: 21040029 Page 14/60



A W _*_ . . ol -'Ft- ~ " % ':-' rr e . ?
vvnat makKes daiirerent | r’.!‘if "*"i*L 10NS rea .a‘- ""!l% arent’

Extra degrees of freedom in SO(10) - a model building maze
- SO(10) admits multiple symmetry breaking patterns and multiple scales

G2)4

PEPPO... . G

23 26} 11,300 ) 2P
o {16) (1,2,9)
i
\.\\
SO (10) & >
{54} (1,104
Chang, .5"‘17',5.,'sg:,n;e_l's.’:-?__ Gipson, Marshak, Parida 1985
SU(5) branches omitted
P % | 44 br‘anch also omltted
95 Babu, Gogoladze, Nath, Syed
Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |,April 26 2021 12 /many
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SO(10) model building constraints

Basic structural constraints = definition of the parameter space (practical x ideological)
- SUSY or non-SUSY?
- renormalizable x non-renormalizable?
- symmetry breaking pattern = selection of scalar irreps
- minimality (what does it mean?)
- GUT scale calculability
- doublet-triplet splitting
- naturalness

QFT consistency = discarding “obviously wrong” and/or “useless” p-space patches

- perturbativity (yes, we want to be able to calculate)
- local vacuum stability (no tachyons in the spectrum)
- global vacuum stability (insanely complicated)

Phenomenology = focusing on areas which can be OK, looking at numbers=doing physics

- masses and mixing patterns, weak mixing angle,... (reproducing SM)

increasing cost

v

- accommodation of known BSM signals (neutrinos, DM?) (addressing its shortcomings)

- calculability of proton decay (a gate to refutability)

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 202 |
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Charge quantization

Generators of simple non-Abelian Lie groups are discrete & traceless

{

charges obey non-trivial algebraic relations

Wait; anomalies quantize (hyper)charge in the SM too!?

Not if you do believe that neutrinos are Dirac

Foot, Lew, Volkas,
Y*=Yorm +&(B —L)  ModPhys.Lett. A5 (1990) 2721

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter ., April 26 2021 |5 /many
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Baryon/lepton number violation, flavour

Crosstalk among quarks and leptons

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 17 /many
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Monopoles

Non-trivial vacuum manifold homotopy

U

heavy topologically stable finite-energy extended Higgs/gauge configurations

monopoles
vortices

domain walls

“ i

+ Wait, Dira

- -

Yes, but of a different kind... y

-

P. A. M. Dirac, Proc. Roy. Soc. A 33, 6, (1931)

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 16 /many
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Baryon/lepton number violation, flavour

Crosstalk among quarks and leptons
- gauge bosons coupled to a universal charge I::> dynamical quark to lepton transitions

- Yukawas do not care about who is who either I::> flavour structure constraints

SU(5) example:  Ys55710r5y + Yi010710p * BL M;= MIT M, = ME

Fundamental instability of matter! “Golden” mode: p™ — w04

at

] d

gauge-induced »* J

scalar-induced p*{
[T - u
. “] ﬂ_n

E@ucaec’ f2 ucadcf %QQQL; f4 ucucdcec
bl Mg

J1

M2 M2

This is proton decay!

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 17 /many
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The true beauty of GUTs

SM gauge couplings encode the new dynamics scale

Evolution of gauge couplings in the SM:

10

3
+ 2 2
2

el SIS

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 |9 /many
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The true beauty of GUTs

SM gauge couplings encode the new dynamics scale

Evolution of gauge couplings in SU(5) =SM +X + A ...

3
5b1

simple gauge
dynamics!

this makes
sense only for

Mg ~ 10'°GeV

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 20 /many
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Maybe the SM gauge couplings encode two scales !?

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

SU(3). ® SU(2), ® SU(2)r ® U(1)p_1

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 21 /many

Pirsa: 21040029 Page 23/60



Maybe the SM gauge couplings encode two scales !?

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

SU(3). ® SU(2), ® SU2)r @ U(1)p_1

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

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 2| /many
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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

TeV-scale SUSY is unlikely though...

NB no room for intermediate stages!

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 22 /many
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SO(10) model building constraints

Basic structural constraints = definition of the parameter space (practical x ideological)

SUSY or non-SUSY?
renormalizable x non-renormalizable?
symmetry breaking pattern = selection of scalar irreps
minimality (what does it mean?)
GUT scale calculability

- doublet-triplet splitting

- naturalness

increasing cost

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 24 /many
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N i Y oER W & "\ ol L 4 . i o Br i &
YO(1U) symmetry breaking maze
4 4 e Sl (= e il

SU(5) branches omitted

r
o{l{’l
- MC = MR+ = / MRO | h
{210} (1,3,15) {126} 01,3,10 )
¥
\':\-\
o>
0"
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SU(5) branches omitted
" :
\ Wy
N
N

N4 o)
. e i [y

*4s N

~a MC = MR+ = S/ MRO |
{210} (1,3,15) {126} (1,3,10 )
N
\':\-\
N @a’
L
0"
g ™
Wy
{45) = Wy X 1o
Wr
Wr
\ V.
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SDWILIV) SYIMINeu'y DreadaxKing imasze
J 4 - o - 3

SU(5) branches omitted

N Wy
O F e o
« 9 _ >
2/ ’_
MC = Mﬂd- . < MRG

{126} (1,3,10 )
16} (1,2,4
}6\{ p (1,2, )_

W SRR ool ?

Lo >
{210} (1,3,15)

“Optically” minimal Higgs models:
45+16 or 45+126

Michal Malinsky, IPNP Prague SO(10) GUTs ana their phenomenology Perimeter |.,April 26 202 26 fmany
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Intermezzo: Seesaw mechanism for neutrino masses

Weinberg’s d=5 operator:

G
S. Weinberg, PRL 43, 1566 (1979)  Leff D XLHLH U(l)e-L must be broken

® Neutrino oscillations:  Am?2 = (8.0 4+ 0.3) x 10 %eV?

|Am?| = (2.5 £0.3) x 107 3eV?

e Cosmology (structure): Z m; S leV
i

® Beta decay experiments: (m®) < 1eV

A ~ (10'2 — 10™) GeV

U(I)s-L breaking should happen belovw the GUT scale !

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 27 /many
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o)

_I%
W =
»
N

T (10 OF

GUT - seesaw scale separation prefers renormalizable seesaw structure

(16) : non-renormalizable seesaw (126) : renormalizable seesaw
Mg ~ (16)2/Mp M, ~ (126)"

+ predictive, seesaw OK

Michal Malinsky, IPNP Prague SO(10) GUIs and their phenomenology Ferimeter |, April 26 202 28 /many
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I'he minimal SO(10) RHiggs model

SO(10) broken by 45, rank reduced by 126  (#®)o(#d)o = ijdisbridbr

(09)2(dP)2 = ¢ijdir i Pik

Scalar potential: V' = V5 + Vi2g + Vinix (PD)o = dijdij, (EX*)o = Bijrimijkim
3 (EZ*)U(EZ*)U — Ef-jH'm-E;jkimzﬂt’lﬂqu:mpw
ao, , , . az, ., ,
Vis = =75 (#0)o + T (90)o(90)o + L (#0)2(90)2,  (E2)2(B5")2 = BijuimEijatn Eoparm Zirn
2 * * * *
V126 = —U—(EE*)U (EZ )4 (EZ )4 = E?-J-H'”!-Eijknozl’-’q?"!"”quw‘no
/\ /\ *Va g = ol b
( f; (EZ )O(EE*)U +—= ( ) (EE ) (ZE*)2 (EZ )4 (EE )"1- = Z?—th'”El}kﬂ-uzpqﬂnzpqwno
)\ )\’F ) (22)2(22)2 = Et'-"kim-z'i"kinzo ‘r'm-zo T
| (LE*) (EE*) (LX*) !(EE*)4! | . | Jw J_\* rq rq
(3 ) ( ) ( (0)2(EX%)2 = @ij'z-'klvraﬂ.iz-'kgmnj
2 T;i * K Tk » " ; : *
+ (4|)2 (22)2(22)r ( sz (E Z )2(2 Z )2 ’ (GD({))D(EE )[_] — @fj@ijz-khn-no Wi
Vs, — ‘Z( 2 (ZE")a + (cﬁcb) (BE%) (SR (EZ*)4 = bij Okt Emmnois Eamokt
64 '9 OP)ar X )y = ‘pt@ Ymnoi E:(nno”
+ 3|( 06)4 (S ) n ﬁT(é@)‘*’(ZZ) (¢0)ar (X" )ar = i % el
o ¥ (éﬂb)i(zz)é = Cﬁijf}éikzlmnojglmnok
+ - (99)2(3E)2 + —z(d)O) (%)
4 (O(DJQ(E Z*)Z = O'-’Jo’}-zlmno_}z]?mnok
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I'he minimal SO(10) Higes .\ 27

SO(10) broken by 45, rank reduced by 126  (#®)o(¢d)o = 6i;i; Pridw

(@@)2(@50.5)2 = @f‘ijf;f’ekﬁbfj@k

Scalar potential: V = V5 + V126 + Viix (98)o = dijdij, (ZX*)o = ZijktmDijkim
9 (EZ*)U(EZ*)U = E’ijk‘-f'm-E;jkimzﬂoﬁqf‘z;‘mmr
H ap . . as .
Vis = —?(6'5@)0 + 1(65@}0('5.-9@5)0 + I(G‘XP)Q(¢¢)2 ; (BZ%)2(ZE*)2 = Dijkm T ishin Doparm S pgrn
2 * * \ * ok
Vle — __(EZ )U (EZ )4 (EZ )4 = E?-J‘-M'”!-Ez'jknoE?-’Q"h”Z'pqw‘no
/\ A N (X" = s ¢ .
+ (53 (EZ ) (EE*) + (4[2) ():E ) [EE*)Q (EZ )4 (EE )4 == EuklmE-s,gkn.azpqrmzpqrma
!/ (22)2(22)‘2 = Ei-"kim-z'i"kinzo ‘r'mzo TN
b (SR (EE e + R (R (BEA
(3') (2) ( ) (@)2(22 )2 = @ijr‘k!m-nizkzmnj
2 2 * K * Tk e - : ; *
+ (4!)2(22)2(22)2 T (41)2 (BEE)2(X755)2, (66)0(EX%)0 = ¢40ij ExtmnoXkimno
Vrmx = i;_ ((D) (EZ )2 + Zal'l (qbaS)O(EE*)U (Qéjfi(zz*)'i - q'ljfj‘?i\’k!zmnoij r*nnokl
*d.
6 .SJr Ly * b))t (BX* )y = I‘i'l Emnoi : b -
15 DT + G 60) (EE)y SRS S S
k :k (‘;D@)Q(EE)J = th'jqbiszmnojglmnok

T2 -
+ 47(99)2(58)2 + 1(86)2(2"E").
4] (G)§§J2(2*23*)2 = (a"l)*ijc.bikzzs‘nlnojzrmnok
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Intermezzo: GUT scale calculability

Two-loop running necessary!

49
4871

47|

46

45

B | log, u[GeV]
16.4 16.6 A 17.0 17.2 17.4

Full GUT-scale spectrum information needed...
N
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Intermezzo: GUT scale calculability

Planck-scale effects in gauge matching

Larsen,Wilczek, NPB 458, 249 (1996)

G.Veneziano, JHEP 06 (2002) 05| = EF;LW
Calmet, Hsu, Reeb, PRD 77, 125015 (2008) A
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

49

481

47}

log, ulGeV]
17.0 17.2 17.4
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Intermezzo: GUT scale calculability

Planck-scale effects in gauge matching

Larsen,Wilczek, NPB 458, 249 (1996)

G.Veneziano, JHEP 06 (2002) 05| = EF;LW
Calmet, Hsu, Reeb, PRD 77, 125015 (2008) A
G. Dvali, Fortsch. Phys. 58 (2010) 528-536

49,

48|
47|

46
: M,

Lt}

ay |
N i log, u[GeV]
4 16.6 16.8 17.0 17.2 17.4

45

44
16

out-of-control inhomogeneous shifts in matching Aai_l ~ 1
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Intermezzo: GUT scale calculability

Planck-scale effects in gauge matching

Larsen,Wilczek, NPB 458, 249 (1996) K
G.Veneziano, JHEP 06 (2002) 051 E = R F]JJV
Calmet, Hsu, Reeb, PRD 77, 125015 (2008) A

G. Dvali, Fortsch. Phys. 58 (2010) 528-536

49

log, u[GeV]
16.8 17.0 17.2 17.4

out-of-control inhomogeneous shifts in matching Aai_l ~ 1

More than order of magnitude uncertainty in Mg!

Michal Malinsky, IPNP Prague SO(10) GUTs and their phenomenology Perimeter |.,April 26 2021 3| /many

Pirsa: 21040029 Page 37/60



Intermezzo: GUT scale calculability
Not a problem @ d=5 if ® is notin (Adj. ® Adj.)sym

SU(5) GUTs: (24 ® 24) sym = 24 ® 75 @ 200
SO(10) GUTs: (45 ® 45)sym = 54 $ 210 770

These, however, are the “usual suspects”...

Leading Planck-scale effects are absent in 45-broken SO(10) models !

Ky B
L3 TF" (45)Fuy = 0

GUT scale under control in the minimal SO(10) with 45!
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SO(10) model building constraints

increasing cost

QFT consistency = discarding “obviously wrong” and/or “useless” p-space patches

- perturbativity (yes, we want to be able to calculate)
- local vacuum stability (no tachyons in the spectrum)
- global vacuum stability (insanely complicated)
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1

, R TR - N
ne minimal SO(10)

Ruled out in 1980’s

2

Mig10 = 202(wr—wy)(wr+2wy)
2
Mm30) = Z2a2(wy —wr)(wy +2wr)
(45) = X T2
Wy > WR
45 45 16
SO(10) - SU@3). ® SU(2) ® SU2)p@U(1)g—1. = SU3). ®SU(2) ®U(1)g®U(1)p—r. - SM
Wy WR
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v otateaet | oY e
| 1€ [THIHITIAI O\ 1LV

Ruled out in 1980’s

m%S,l,U) = 2a3(wr —wy)(wr + 2wy)
m%LS,U) = 2(12(&)1/ = wR)(wy -+ 2wR)
Yas | e, D« in L 1 1983, Babu, Ma 1985
Wy
Wy
(45) = X T2
Wy > WR
45 45 16
S50(10) - SU3).® SU(2), ® SUR)r ®U(1)g—r. = SU3).  SU(2) ®U(1)r @ U(1)g_, — SM
Wy WR

WR > Wy

45 45 16
S0(10) > SUA)c ® SU2) L ® UV r @ U(1) - — SU(3)e ® SUR)L QU() g @ U(1) g1, — SM
wWr Wy
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1 he minimal SO(10)

Ruled out in 1980’s

m%S,l,U) = 2az(wgr —wy)(wr + 2wy)

Mm30) = Z2a2(wy —wr)(wy +2wr)

Weciiem 1001 A e - MaramdAinaar Bii~caralls 19873 D = b M= | QQC
Yasue 1981, Anastaze, Derendinger, Buccella 1983, Babu, Ma 1985

Wy

(45) = Wy ® Ty

w‘.z‘i |
wWR

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

SU(5)-like vacua only, not far from the single-step breaking regime!
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The TNnimMma
1C ITHIHTTIA

4 “,rd‘/‘%‘-“\\ 3 ‘\‘ (;’
=) g e o o) . ‘ @
_______ Al et o il L —. et i
3\ rF,-S g g°
\\ N _‘/‘;g . i 4
¥ 1 ¥ ~" ¥ L) / Ly
2 3 i Ay 2 2 4 2 :
Ami 30 = 12 [7* + 6 (2wh — wrwy + 2wy) + g* (16w} + wywr + 19wy )] + logs,
1 , .
2 2, 22¢, 2 2 4 2 2 .
Amig 0 = 2 (7% + 37 (w, — wrwy + 3wy ) + ¢° (13wf + wywr + 22wy )] + logs,
Bertolini, Di Luzio, MM, PRD 81,035015 (2010)
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Ongoing detailed perturbativity studies:

1.0 =

0.5

& 00

|wsL 0]

-0.10 -0.05 0.00 0.05

0.8

0.4

p %
4 —e , (of Y M\ L =
5; = | ) " {rq\l [ | -iﬁ
1 he minimal SO(10) -
d S Rp—— / . L e
K. J'di kovska, MM, T. Mede,V. Susic, to dppear soon
1.0 : 1.0 3
3 f f
I , I‘H I:a
.8 0.5 x 0.5
2.4 2.4 2
2.0 2.0 2.0
¥ 0.0 == 0.0
1.6 ’*.-WJ 1.6 1.6
1.2 1.2 1
-0.5 -0.5
D.8 0.8 0.8
0.4 wy =0 0.4 0.4
-1.0 -1.0
- -1.0 0.5 0.0 0.5 1.0 =— ~1.0 —
Ba Az
1.0
; ; 1.0 ;
I:Q 0.8 IEB I_gg
0.5
4 2.4 2.4
0.6
2.0 2.0 e 20
g 0.0 -
1.6 | 1.6 1.6
1.2 1.2 1
0.8 0.8 03 0.8
0.4 0.4 Wai =0 0.4
=10
e 10 = -1.0 0.5 0.0 0.5 10 =

Michal Malinsky, IPNP Prague

Pirsa: 21040029

SO(10) GUTs and their phenomenology

Perimeter |.,April 26 202 |

37 /many

Page 45/60



SO(10) model building constraints

increasing cost

Phenomenology = focusing on areas which can be OK, looking at numbers=doing physics *

- masses and mixing patterns, weak mixing angle,... (reproducing SM)
- accommodation of known BSM signals (neutrinos, DM?) (addressing its shortcomings)
- calculability of proton decay (a gate to refutability)
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Suppose proton decay was found...

Days 3, 4, 5, 8,9, .. 7 )
®
@

Are we in a position to discriminate among different GUTs ?
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M

SU(5)

SUGG)+15 [2] pt —wle?
SU(5)+15

SU(5)+45 \
SO(10)

SU(5)
SU(S)
SO(10) pt — K+v
SO(10) | | |
lifetime [years]: /1) 1032 1] 1049
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[ p o -l _ e ~p : ~ + T L~ o (e S Py
JENSITIVILY OT current anad rtucure p-aecay searcnes

p-decay sensitivity projection (HK in 2025)

Abe et al., arXiv:1109.3262 [hep-ex]
107 | ; : : 1036
p—en’ sensitivity p—>vK® sensitivity
5 Hyper-Kamiokande g
3 ' o
2 2 10%
| | !
3 3 |
5 B Hyper-Kamiokande
[-;] (=2 ! !
£ E
o ]
E : E 103 Super-Kamiokande
k) : B : .
5 | 3 ,.
I|
|
103 . . . 103 | | .
2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040
Year Year
113 - i b1
about | o.o.m.“improvement window
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N\ a i | = 1 F ol af = i Yo - = - o g Drr 2y 2 el a¥al
DENSITIVITY OT current and tuture p-decay searcnes
e Y LA B - = S \ bt Yo ol N Nl | - - = N Y A Y F el '

p-decay sensitivity projection (HK in 2025)

Abe

£

i N 5 s 109 2047 T Ty
et al., arXiv:1109.3262 ri 1Ep-EX|

[

p—vK® sensitivity

Hyper-Kamiokande

e

Aper-l(amiokande

1036 10%
'p—renﬂ sensitivity
0 Hyper-Kamlokande_______« 0
g et 3
> 10% | e > 10%
3] | | N 3)
e Super-Kamiokande =
[=] [=]
(=] i T-
E E
Q | E
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| | |
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"OtOoN liretime caicuiapliity

B Mediator mass determination ‘_(
d
® Planck-scale proximity pr

: k

e scalar spectrum & threshold effects Ul 0
u
e higher-loop running »
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”.t i [ |
~roton liretime cailcuiabpllity
e+
d X
+
p u
u \_
u
\ ] 7]—0
u
B
B Hadronic matrix elements
Mlichal Malinsky, .|?“<l'r'i.-'-4!r‘.g.u‘-. SO(10) GUIs and their phenomenology Ferimeter |, April 26 202 45 /many

Pirsa: 21040029 Page 52/60



» L ; - - o b by
-roton litetime calculabpllity

TN

Ul o
MK
B Hadronic matrix elements
B Flavor structure of the B&L violating currents
® Yukawa sector structure/fits
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—14AdroniC Matrix eile

‘tf*t’"\ 3?‘1!";

Matrix element Wy(u = 2GeV) GeV? (%) Total erro e+
(7°|(ud) gur|p) —0.103 (23) (34) 40 ; :
(7| (ud)Lug|p) 0.133 (29) (28) 50 P
(n*|(ud) rdr|p) —0.146 (33) (48) 40 - kﬁl 0
(m*|(ud)rdr|p) 0.188 (41) (40) 30 !
(K°|(us)gur|p) 0.098 (15) (12) 20
(K”|(us)ruclp) 0.042 (13) (8) 36 N
(K™ |(us)rdL|p) —0.054 (11) (9) 26
(K™ |(us)Ldr|p) 0.036 (12) (7) 39
(K*|(ud)rsi|p) —0.093 (24) (18) 32
(K*|(ud)rsz|p) 0.111 (22) (16) 25
(K™|(ds)ruL|p) —0.044 (12) (5) 30
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i Forry 4 ’ &S LJ A Y L s J - : Y
—lavor structure ot bLINY chareged currents

o C‘I”;L ‘U;C')/“dz‘ d;""}/# Vi

M1/6 ?’+{ d :
i \_
\u

Cijk = (UED)1i(DEN) i

Example:

RH rotations - simple Yukawa sector desirable

some channels may be more “robust™ than others

3 [y
['(p— 71 D) k2(ULD)11(DLN) 1 + k2(DLD)11 (ULN) 1|
pP—T V)X 1Wel2)1i(PedN )1e + B3(Da)11(Us IV ) 1e
=1
g
k1,2 =
' MXIQ
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) AV - |- 4 g . ) 4=
BLNYV chargea currents

‘..' o, . g— ” =i &
rlavor structure o1

Special scenarios with fully calculable (partial) p-widths
Nath, Fileviez-Perez, Phys.Rept.44|

B ni Bt oy Daie | REAOC
Dorsner, Fileviez-Perez, PLB605

SU(5): symmetric up-quark mass matrix
T'(p—70) o k|(Vexm)ul’
(p— K*%) o ki (B} (Voxm)ul® + B} |(Vorxm)n )

SO(10): both quark mass matrices symmetric

Tp—ntp) o« ki|(Vorm)ul + ks + 26262 |(Verm)u |
Ip— K'D) o ki (Bf |(Vexar)iz| + B2 \(VCKM)U\Z)

2m
Bi = 2D
3m B
Mp
Bas = (D+3F)+1
3mp
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Pirsa: 21040029

Michal Malinsky, IPNP Prague

o

16p = (4,2,1) @ (4,1,2)

Renormalizable Yukawa couplings: 16 ® 16 = 10 ® 120 & 126

SM doublet(s)
(homogeneous)

!

0=(1,2,2)® (6,1,1)
120-=-(112,2)- G105 1y I} DI85kl - D-(67371)- D618 D-d57252)
126 = (6,1,1) @ (10,8,1) @ (10, 1, 3) & (15,2, 2)

/' T AN

SM triplet with intermediate scale SM doublet(s)
small induced VEV SM singlet, large VEV, (inhomogeneous!)
(type-ll seesaw)  gives mass to RH neutrino
(type-l seesaw)

SO(10) GUTs and their phenomenology Perimeter |, April 26

~ully symmetric renormalizable SO( 10) Tlavour structur:

202
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P Al

= 1 { x i ™1 “f A ¥ [ 4 ol L | i i wh m ad b of ol -
r _s_-,tlk*_.- SYmMmMmetcric renormalizapie S\ 1V) -ﬁﬁgﬁ;{f_ﬂ;h_,* SCructure

b

L£3165Y165105 + 16 Y5 167108 + 16 Y 2161265 + h.c.
Effective GUT-scale quark and lepton mass matrices in realistic SM-like scenarios

M, = Yy v
A [d — Yll thlfﬂ 4 Y126vi26

M, = Y0u10—3 Y126y126

. [
m, = ¢ Y126y, — MP(MM)~1MP
MI;D = YQL()UéU* V-1 ~ <(1= 1:@%)
¢ 10,126
MSJ = CQ leGVB_L U’LL_.(}.: ~ ((1'-‘2'-‘ :Fl)l(],m>
va ~ {(1,3,+1)135)

Subject to running, a rather nontrivial multi-parameter game...

EPQ9,
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Conclusions, recapitulation

GUTs are theories of baryon/lepton number violation
Main signals: monopoles, proton decay
Notoriously difficult to calculate (Planck scale, perturbativity)

SO(10) GUTs are “phenomenologically optimal”
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Conclusions, recapitulation

GUTs are theories of baryon/lepton number violation
Main signals: monopoles, proton decay
Notoriously difficult to calculate (Planck scale, perturbativity)

SO(10) GUTs are “phenomenologically optimal”

The 45-broken SO(10) is arguably the most promising GUT
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