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Historical reviews

@ The chiral fermions in the su(5) are decomposed as
— 1 = 1
5F = (3,1,4’7)17@(1,2,75)1? and

3
dr* Lr
1 — 2
10r =(3,2,42)r®(3,1,— 2 )rp®(1,1,+1)p.
6 PP TR
qrL uR*® er®
@ The SUSY su(5) theory contains Higgs fields of 24y & 55 @ 5y, with the

GUT symmetry breaking of su(5) @) gsM.-

@ Besides of the well-acknowledged challenges within the minimal GUTs, there
are two longstanding problems within the SM that have never been solved
with/without the susy extension, which are: (i) the SM flavor puzzle, (ii) the
PQ quality problem of the QCD axion.

B. Wang (wb®@mail.nankai.edu.cn) Nankai University Changchun, 2025.07.17 3/27



|
Georgi's counting of the SM generations

@ To decompose the su(N) irreps into the su(5), e.g.,
Ng = (N —5) x 1 ® 5%, and other irreps are decomposed by tensor
products, [‘79, Georgil.

@ All fermion irreps in Eq. (16) are decomposed into the su(5) irreps of
(1g ,5F ,10F , 10F , 5F), and we denote their multiplicities as
(l/]-F y Vsp » V10F » V10g » Vﬁ)

@ Their multiplicities should satisfy vs, + 110, = V5, + V15, from the
anomaly-free condition.

@ The total SM fermion generations are determined by the net 5g's or net
]_OF’S

Ng = Vgy — Vsp = V1og — V103 - (1)

o The SM 5g's are from the [N, 1], and the SM 10g's are from the
[N,k >2]p.
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-]
Georgi's counting of the SM generations in GUTs

@ The net 10g's from a particular su(N) irrep [2209.11446]

(N — 2k)(N — 5)!
k—2)(N—k—2) (2)

Viop [N7k]F _VW[Nﬂk]F =

@ The usual rank-2 GG models can only give v10. [N, 2]g — vig- [V, 2] = 1.
This means one can only repeat the set of anomaly-free fermion irreps to
form multiple generations in rank-2 GG models.

@ Alternatively, to embed multiple generations non-trivially in the GUTs, one
must consider at least the rank-3 GG models. The leading candidate group
must be su(7), [‘79, Frampton], since the [6, 3] irrep of su(6) is
self-conjugate.
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-
The su(8) theory

@ The su(8) theory with rank-2 and rank-3 chiral IRAFFSs of

()it = [ @ 280 | €D [8¢” @ 565 . dime = 156,
Q= (w,w), w=(3,IV,V,VI), w= (1,2, VI, VIII,IX). (3)

@ Georgi's decompositions:

gﬂ :SX]-FQ@gQa

28r = 3 X 1p@® 3 X 5 @ 10,
56p = lp ®3 X B5p @3 X 10 & 10g . (4)

Six (5£’ 5F) pairs, one (10 , 10F) pair from the 56, and
3% [Bp @ 10F]g,,.
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-
The su(8) theory

@ The global symmetries of the su(8) theory:
Gatobar [50(8)] = [SU() © U(1)z, ® UL)rg,

® [SU6)s © U1z, @ T(Lrg, |

[su(®)]*- ULz, , =0, [su®)]”-U(l)eq, , #0. (5)
@ The Higgs fields and the Yukawa couplings:

— Ly = Yi8F ZSFEM + Y2828 70y

+ YpBr 565285 , + ]\27456F56F28Htw63}1 Y He. (6)
pl

NB: 56x56r28y = 0 ['08, S. Barr], d = 5 operator suppressed by 1/My; is
possible, with M) = (871G n)/? = 2.4 x 10'® GeV.

@ Gravity breaks global symmetries.
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Global symmetries in the su(8) theory

Fermions @Q:w “ 28F 56F
U)r —3t +2t +t
INj(l)PQ p q2 a3
Higgs 8H 28y 70g 63n
U(l)r +t +2t -4t 0
Ul)pq | —(p+a@) —(p+as) -2 0

Table: The U(1)7 and the U(1)pq charges, p:ga # —3: +2 and p: g3 # —3 : +1.

@ One possible (maximally) symmetry breaking pattern [‘74, L.F.Li] of
SU(8) — gaa1 — G341 — 9331 — gsm — 5U(3)c © u(1)Em.
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Global symmetries in the su(8) theory

e The global U(1)7 symmetries at different stages
Su(8) = gaar : T =T —4tA,
Oaa1 —> g3 = T =T +8tXy,
g341 — G331 T — 7—//’ 9331 — gsm : B— L= T

()
Consistent relations of (B — £)(qr) = 5t, (B — £)(¢1)

= —4t, and etc.
Higgs | gaa1 — 9341 9341 — 9331 @331 — gsM gsm —
su(3). @ u(l)gm
B ., 7 7 7 7
2811 .. X v v v
70y X X X v
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-
The su(8) Higgs fields

e Decompositions of 8y /28y

_ — 1 — 1 = 1
SH,w ) (471,+*)H,w@(1,4,**)H,w o (173577)1{#1’
4 4 3
_ 1 — 1
28,0 (1,6, —5)me ® (1,4, —Jue
_ 1 2 5 1
i) (173777);{,w®(173777)H7@ 69(173777)1'1#51' (8)
3 3 3
e The global U(1)5_1, according to Eq. (7)
_ 1 _ 1
704 D (474,+§)H@(4,47—§)H ..
Y 1 i 1 i
3(172,+§)H@(1,2,—§)HA 9)
B—L=0 B—r=—8t

Conjecture: the (1,2, +1){ C 70y is the only SM Higgs doublet.
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|
Top quark mass in the s1(8) theory

@ The natural top quark mass from the tree level

1 _ 1
Y728¢28r70y O Y7 (6,1, —§)F ®(4,4,0)r ® (4,4, +§)H
_ 2 1 — 1
1
= EYTtLtRCUEW- (10)

e With (3,2,4+%)r = (tz,br)” and (3,1, —2)p = tz° coming from the
28y, it is straightforward to infer that (1,1, +1)r = 75° also lives in the
28. The third-generational SM 10 reside in the 28, while the first- and
second-generational SM 10g's must reside in the 56.

@ Top quark mass conjecture: a rank-2 chiral IRAFFS is necessary so that only
the top quark obtains mass with the natural Yukawa coupling at the EW
scale. The su(9) with 9 x 9 & 84y is ruled out [2307.07921].
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The su(8) fermions

SU(8) Gan Gaa1 Ga31 Gsm
8 | @.1,+)2 [ @.1,+0)8 | @.1,+)8 (3,1,+H)g : DF°
(1,1,08 | (1,1,08 (1,1,08 : NP
(1,4, -DF | (1,4, -DF | (1,3, -9F | (1,2,-9)F « £ = (-~
(1,1,00¢ : N
(1,1,08" (1,1,008" « NP”
SU(8) Gaa1 Gan G331 Gsm
28r [ (6,1,-3)r | 3,1,-)r | (3,1,-)r (3.1,-)F :
B.1,-r | B, 1,-d)r (3,1,*3)1": R°
(1,6,+5)r | (1,6, +))r | (1,3, +5)r | (1,2,+3)r : (er°,nr)"
(1,1,0)f : 0%
(1,3,+3)r | (1,2,+3)f : (nR°,—¢x")T
(4,400 | (3,4,~H)r | (3,3,0) (3,2, +§)r : (tr,b)"
(3,1,-)F : D}
(3,1,-)¢ (3,1,-}% : D}
(1,4,+)r | @3, 405 | @,2,+0)% - ("c "")T

(1,1,0)%

(1,1,0)p : g
1,008 : ”c
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The su(8) fermions

SU(8) Gaar Gaa1 Gaa1 Gsm
56r [ (1,4, +Dr [ 0,4, +Dr | 03+ [ (1.2, 43)F : (7 —F)"
(1,1,41)p : pr®
(1,1,+1)% (1,1,+41)5 : €g°
@1,-r | G1,-9p | B,1,-3k B,1, -5 : ur®
(1,1,-)r | (1,1,-p (1,1,-1)r : €
(4,6,+1r | (3,6,+5)r | (3,3,0)% (3,2,+8)p : (cr,s0)”
(3,1,-3)% : D
(3,3, +3)r (3,2,+5)% + (Or,—u)”
(3,1,+3)r : Y
(1,6,40p | (1,3, 4+)p | (1,2,4D)F ¢ (50T
(1,1,0 : wye
(11§1+§)¥‘ (1,2,_*_ )HW . (“/HH(') elllim(‘)T
(1,1, 41§ ¢ er®
(6,4,—1)r | (3,4,—15) (3,3,0)5 (3,2, +§)F : (ur,d)”
@G.1,-Lg o
i L gy
3,1,y @,1,-Ly - oy
(B,4,-5)r | (3,3,-3)r (3,2,-)r : (0r°,ur)"

(8,1,-3)% : Ur®
(.1, : en’

@ To justify the flavor identifications by mass hierarchies and the mixing

pattern.
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Symmetry breaking pattern in the s1(8) theory

@ The vectorlike fermions of six (55 , 5 )-pairs and one (10F , 10F )-pair
become massive through Eq. (6) as follows

635 . .
0 : su(8) — gaa1, all fermions remain massless.

8H v —-— .
1 : gaa1 —— @341, one (5F , 5r)-pair.
84 v 281 LV
2 @341 —————— @331, two (

5F , 5F)-pairs and one (10F , 10F)-pair.
@,B,VI 28y 211X, IX

gsum, three (5F , 5F)-pairs.
Each can be precisely counted by anomaly-free conditions.

3 1 gs3

@ 23 out of 27 left-handed sterile neutrinos remain massless by the ‘t Hooft
anomaly matching of [U(1)7]® = ... = [U(1)p_L]>.
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Vectorlike fermions in the su(8) theory

stages ‘ Qe:_% ‘ Qe:+% ‘ Qe =-1 ‘ Qe=0
Vad1 D N (2” ’ n//) {ﬁ/ ,ﬁ"}
{Q} v v v’ . 1v"}
Vaa1 2, {@// 7@/////} w, il ¢, (2 7 tl) 7 (6”" ’n////) {ﬁ 7 ﬁ///}

. . ot

{Q} {V,VII} {V,VII} V', vir'}
’U331 {@/ 7:9/// 7@/H/} _ (e/ , n/) , (e/l/ , n///) , (e///// , n/l///) _
{Q} | {VI,IIX,IX} {VI, 11X, 1X}

Table: The vectorlike fermions at different intermediate symmetry breaking scales in the

su(8) theory.
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-
SM fermion masses in the su(8) theory

@ To generate other lighter SM fermion masses: the gravitational effects
through d = 5 operators, which break the global symmetries in Eq. (5)
explicitly.

@ The direct Yukawa couplings of O%>:

0%V = ¢456p565 - 285, - T0H = calalcrLur® + urer®)vew |
;08 = 5285565 - 8g ,, - T0n
= ¢5 [ (urtr® +trur®) + Ca(crtr® +trcr®) vEw - (11)

@ All (u,c,t) obtain hierarchical masses, while all (d’, %) are massless.
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-
SM fermion masses in the su(8) theory

(®2) (®3)

‘A\ i A
~u-
1
! /
A P
FL Fis

Figure: The indirect Yukawa couplings.

(d", (") obtain masses through the EWSB components in renormalizable Yukawa
couplings of WZSFEM and 8¢ 565285 o with the d = 5 Higgs mixing
operators.
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SM fermion masses in the su(8) theory

@ There are two indirect Yukawa couplings with the irreducible Higgs mixing
operators of O4®:

0% = €41500sBH o, BH w0, BH 0, BH 0, TOm
PQ =2(2p+3q2) #0, (12a)

0L > (28x' 281 vir) - 28HfII-X28Hf- 705",

(281 1281 vyy) - 281 15281 570w,
PQ=2(p+a2+4qs)- (12b)

@ Each operator of O;lf‘r’
1 breaks the global symmetries explicitly;
2 can not be further partitioned into subset of renormalizable operators, among
which any of them can be allowed by both the gauge and the global
symmetries. This relies on the VEV assignments in Egs. (8) and (9).
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-
SM fermion masses in the su(8) theory

@ The (u,c,t) masses

vEw 0 0 G/v2
M, = NG caiCe/V2 0 esG/V2 . (13)
esC1/V2 esC2/V2 Y7

@ The (d,s,b) masses

VEW YDd@éé' YDdgz;AQC.é 0
Mg =~ 2 YpdaAiCs Ypdas(y (s 0 . (14)
0 0 Yider (33 C1

The charged lepton masses are My = (./\/ld)T.

@ Natural fermion mass textures by following the gravity-induced d =5
operators.
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SM fermion masses in the su(8) theory: benchmark

C1 G2 C3 Yp Y5 Yr
6.0x1072 20x10~% 20x107° 0.5 0.5 0.8
A C4q Cs dg{ d%
0.22 0.2 1.0 0.01 0.01
My, Me o mqg = Me mg =My, mpy = M,
1.6 x 1073 0.6 139.2 0.5%x 1073 6.4x 1072 1.5
‘Vud| |Vu8| |Vub|
0.98 0.22 3.0 x 1073
|Vcd| |VCS| ‘V::b|
0.22 0.98 7.5 x 1072
[Vidl Vs [Vip|
0.019 7.5 x 1072 1

Table: The parameters of the su(8) benchmark point and the predicted SM quark/lepton

masses (in unit of GeV) as well as the CKM mixings.
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-]
The RGE of the ' =1 s1(8)j,,—1 theory

SUSY $u(8)k, =1
.| Gm G G G

vin
uiGev]

@ In the 5u(8)y, =1 theory [2411.12979], we find the conformal embedding of
Su(4) g, =1 D S1(4) k=1 D U(1), =1/4. The gauge coupling unification is
achieved through the relation of

1
Gis = Gaw = 193% : (15)
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-]
The RGE of the ' =1 s1(8)j,,—1 theory

4351 WWW pattern

e

9441 — 9431 — 9331 — 9SM 8441 — 9431 — @421 —> gSM 9351 — @341 — 9331 — gSM

521 SSW pattern 4531 SWS pattern 4531 WSS pattern

9531 — 9431 — @331 — 9SM 0531 — 9431 — @421 — gSM 9531 — @521 — @421 — gSM
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Summary

@ We propose an su(8) theory to address the SM flavor puzzle. Different
generations transform differently in the UV-complete theory and their
repetitive structure only emerge in the IR, which lead to the flavor
non-universality of SM quarks/leptons.

@ The symmetry-breaking pattern of the su(8) theory is described, and all light
SM fermion masses besides of the top quark are due to the inevitable
gravitational effects that break the emergent global symmetries explicitly.

@ Crucial assumptions: (i) the VEV assignments of three intermediate
symmetry-breaking scales in Eq. (8) and (9), (ii) the SM flavor IDs in the
28F and 56y, and (iii) the d = 5 operators of direct and indirect Yukawa
couplings containing the SM Higgs doublet.

@ Main results: all SM quark/lepton masses, as well as the CKM mixing
pattern can be quantitatively recovered with 0(0.1) — O(1) direct Yukawa
couplings and O(0.01) Higgs mixing coefficients.
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Thanks!
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-]
Appendix

@ The main conjecture [79, Georgi, ‘80, Nanopolous]: no three repetitive
generations in the UV (GUT), but they emerge in the IR (SM).

@ This was first considered by [‘79, Georgi] based on a unified Lie algebra of
su(N), with the anti-symmetric chiral fermions of

{fr}suwy) = an [N, Elg, ng €Z. (16)
k
No exotic fermions in the spectrum with the [NV, k).

@ The anomaly-free condition can be expressed in terms of a Diophantine
equation

an Anom([N ,k]g) =0, (17)
k

(N — 2k) (N — 3)!

Anom([N , klg) = (N—k—D!(k—1)"
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Appendix
@ The VEV assignments
_ 1 1
gasn = gaa1 ¢ (4,1, +)mav) = *2WZ,1v, (19a)
_ 1 1
9341 — @331 <(1’4’_Z)H‘V> = oD A
1 1
<(1’47_Z)H,1,VII> = 72w2,1,v'117 (19b)

— 1 1
9331 — gsMm <(1737_§)H,3,VI ,1X> = ﬁVE,s VILIX
1 1
<(1737_§)/H,2,v111> = ﬁvé,é,vm» (19<)
1
EWSB : ((1,2,—|—§ . (19d)

The VEVs in black are the minimal set to integrate out the massive
vectorlike fermions. The VEVs in red are necessary for the (d*,¢") masses.
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Appendix

@ The global symmetries based on the chiral IRAFFSs are vital to: (i)
determine one single SM Higgs doublet through the non-anomalous G(I)B_L
symmetry, (i) count the massless left-handed sterile neutrinos precisely
through the ‘t Hooft anomaly matching, (iii) organize the d = 5 operators for
the SM fermion mass (mixing) terms.

@ All SM quark/leptons are flavor non-universal under the extended
strong/weak symmetries, while the SM neutrinos v, € 8¢  are flavor
universal. Neutrino masses and mixings are to be determined.

@ The degenerate my: = my: will be further probed based on the RGEs of

d T
) = oy mp (1), Yy (@) = Sv0(RY).
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