A high-quality axion

from
the non-minimal SU(6) GUT

E3

RFVERZFFr

BT

2021

.07.20

ETeV4) 38 -

EAFARHYS
based on 2106. l_l*?-”f
Wlth 5‘(”} = B




w—""

Background:

GUT

Topics Authors Publications | Date

Fourth color unification Pati, Salam 5] 1974
SU(5) GUT Georgi, Glashow 6] 1974
SO(10) GUT Fritzsch, Minkowski 7] 1975
Peccei-Quinn mechanism Peccei, Quinn 8] 1977
Seesaw mechanism Yanagida 9] 1979
Gell-Mann, Ramond, Slansky [10] 1979

KSVZ axion Kim [11] 1979
Shifman, Vainshtein, Zakharov [12] 1980

SU(N + 4) global symmetry | Dimopoulos, Raby, Susskind [13] 1980
SUSY SU(5) GUT Dimopoulos, Georgi [14] 1981
DFSZ axion Zhitnitsky [15] 1980

Dine, Fischler, Srednicki [16] 1981

Axion in SU(5) GUT Wise, Georgi, Glashow [17] 1981
Leptogenesis Fukugita, Yanagida [18] 1986

Table 1: Collections of the major theoretical advances in the GUT and some related BSM physical issues

listed in chronological order.




Background: GU'T

* In the minimal SU(5) GUT, Georgi & Glashow assumed: “as few
leptons (fermions) as possible, no unobserved leptons (fermions)

* Our assumption: a successful GUT can address as many BSM
ISsues as possible, with the minimal set of fields unless
otherwise necessary.

* We consider the PQ-quality for the strong CP problem to start
with, and we get more than that (see next).



Background: Strong GP

* The strong CP problem, a topological term for the QCD vacuum
a

gg — 9 !

: S _

18] < 10710, with @ = 0 + arg det M, very different from the O(1)

expectation of 6 parameter.

C

Gﬁy@“‘” “, and experimentally from the neutron EDM:

* Peccei-Quinn mechanism: to replace 6 by a periodic pseudo-scalar field
transforming under a global U(1)pg as a — a + 2xf, , with f, known as
the axion decay constant.

* There is a classical window: 10°GeV < £, < 1012 GeV [cf. 1803.00993].

The lower bound CANNOT be violated, and the upper bound can be
relaxed.

* Axion induced potential: Vioep = A‘éCD[l — cos(alf,)].
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Background: Strong GP

* Invisible axion models such as Kim-Shifman-Vainshtein-
Zakharov (KSV/Z) and Dine-Fischler-Srednicki-Zhitnisky (DFSZ),

a comes as a phase from a complex scalar field

1
o D Tva exp(ia/fa).
2

* PQ quality: U(I)PQ symmetry (expressed in terms of @) is

global and put in by hand in KSVZ/DFSZ models, and the
gravity does not respect global symmetries. ['92 Barr, Seckel,
Kamionkowski, March-Russell, Holman, Hsu, Kephart, Kolb,
Watkins, Widrow.]



Background: Strong CP
e
M§f1+”_4

Kamionkowski, March-Russell] APQ = n with PQ(®) = 1.

* -
A general operator of @%mw =

FH.c.[92

* The @g%zm”‘ shifts the VQCD minima |9\ = [{a)lf,]| S 10~10

= k]~ 102and2m +n =5, = . < 10GeV, ruled out,

elseiff, ~ 10?GeVand2m+n =15, = |k| S 107>, very
fine-tuned.

* NB, the renormalizable operators with 2m + n < 4 are even
worse in terms of the PQ-quality. This suggests to consider the

underlying gauge symmetry of the .
6



Global Symmetries

* The usual wisdom of a high-quality PQ is to have the U(Dpg as an
emergent global symmetry in a gauge theory.

* The QCD has the global symmetries of
?global = SU@3); ® SUB), ® U(l), ® U(l), , while QCD is

vectorial.

* The chiral gauge theory w.o. Unification: to put another confining sector

with the SM, e.g. SU(5) ® &\ by Gavela, Ibe, Quilez, and Yanagida
[1812.08174].

* Dimopoulos-Raby-Susskind (1980) studied a strongly-interacting

theory: an anomaly-free SU(N + 4) chiral gauge theory with N anti-
fundamental fermions and one rank-2 anti-symmetric fermion, and it

has nglobal — SU(N) ® U(l) ,N Z -
{



The SU(6) model



The SU(6) model

* The minimal anomaly-free SU(6) has fermions of: 2 X 65 @ 155,
with the global symmetry of &1, = SU(2)p & U(1)p(.

* How to break the SU(6) to the
Zov =SUB),. ® SU2); ® U(1)y? The Georgi-Glashow SU(S)
is a subgroup of the SU(6), while the direct breaking to the

SU(S) is unwelcome. The sequential breaking of SU(S) — G\

leads to the proton decays with lower mass scale, hence faster
decay rate.

* Alternative pattern is: SU(6) — &35, = g, With
G131 = SUQB3). ® SUB3); ® U(1),. This is achievable with an

adjoint Higgs of 35y at the GUT scale (1974 Ling-Fong Li).
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T'he SU(6) Higgs sector

* minimal Higgs sector: 6;’_‘;1 A 15y, 21y, 35y

* Hierarchies of Higgs VEVs: (354) ~ Agyr »
<6I}II> =v;, 2lg)=vs, V3~ Ve~ V33
(6y) = v, = vgwsinf, (15y) =v, = vgycosf
Agur > Vaz > Vew = (V2Gp) ™12 ~ 246 GeV

* 6;; and 21y are responsible for the ¥5;, — Z\ breaking.

* Two Higgs doublets from 6h (for d* and ) and 15y (for u") are responsible
for the EWSB, and they are automatically type-1l 2HDM.

* One bonus: free from the u-problem in the SUSY extension of the SU(5)
GUT W D puS5Sy, since one cannot form W 2 ,u6IH*15H term in the SU(6).
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The SU(6) fermions

SU(6) G331

Gsm

3,1,+2)f : di

(1a3a_%){“ (172>-1){“ : (6L7_VL)

(1,1,0)p : N

6r |(3,1,+3)F

(3,1,+3)r : Dj

(1a§7—%)IFI (1727—1){3I : (eILa—V}J)

oooooooooo

(1,1,0)p : N’

15F

()
ol
+

WIN Wk
R

(3,3,0)r | (3

(3317_%)F . ’U,%

ooooooooo

(1,1,+2)F : i
,2,+3)F ¢ (ur,dr)
(3717_%)F : DL

The (D; , Dy) are KSVZ vector-like quarks
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with masses ~ f,and Q = — 1/3.



The SU(6) Yukawa

* The most general Yukawa coupling:
1556565 + 15p15¢15y + 6%(i0,),;6/ 215+ H . c.

* The PQ charge and a discrete Z , symmetry (for PQ quality):

65 15r |67 155 21y 351
Ul)pg|1l 1 |2 -2 -2 0
1 1 1
3

5 —1 =2 0

N

N

[—
ST

P
e
_—

At the UV the global U(I)PQ[SU(6)]2 anomaly: Ngyg) = 9
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The SU(6) AXlon

* The physical axion field comes from: 6II L3 F ) = 3 exp(iaz/vsy)
2

2 1%
and 21y O (1,6, + =)y D —= exp(iag/vy)
3 \/5

* To impose an orthogonality condition between the U(Dpg
| 2
Jfle — Q3V3(a'ua3) 4= q6v6(0”a6) and the U(I)N J]//\l] — §V3(a'”a3) ~+ §V6(aﬂa6)
currents. Physical charge: ¢ = ¢; PQ + ¢, N.
* ’t Hooft global anomaly matching: Nsua), = Nsue) = €1 = 1.

-
= COS ¢ as + sin @ ag, tan ¢p = —
2V6

¥
Aphys

|
* Axion decay const: 9v331 4v6 >+ vy a1
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The PQ quality

* The leading PQ-breaking operator respecting the SU(2) - and Z,:

%
6LF = [eaﬂﬁgl*ﬁg*lsH]

1aa 1 b.p 262
> [eupeanc1,3, +3)(1,3, + 204(1,3, - 2

abc

& 0 — ¢ ¢ 1,3,+—)“*1,3,+ —)]j ’ﬁ(l 3, — —)¢is dangerous
4 ‘pa af e 3 L 3 = 3
Ig PQ—quaIity.

* Axion effective potential:

Aohys k| (v, v3)° Aphys
V=—A‘(5CDcos(p—hy)+ 1 uzd ) cos( B +5>
7 4M3

a a

<aphys>

Ja

7
<1010 = £ < 3.7x 10’ cos¢

a v

(tan f +

) GeV
| k sin(8) |12 tan f}

This is solely determined by the symmetry consideration in the SU(6) GUT!
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SN 1987A

0.010
| k#sin(6)|




'The axion searches

Ja [GeV]
10-10 10° 10° 107 10°
10~ LAMPOST
mxo
T: 10~12
é I
:%“ 10713 High—quality
10-14
—15;’ N IFll‘ne—'tumpgl Ll el el IR
10 105 1074 1073 1072 0.1 1 10
m, [eV]
T — B
1.14 x 1073 GeV =
- - 1.92) GeV
SUQ3). fa

U(I)PQ[U(I)em]2 anomaly factor : E— Z PQfdim(%f)Trqu =

2
Y _% . AKSVZ axion with the DFSZ coupling

Nsu@), 3
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1The Axion domain walls

* Back to the axion effective potential:

Gph |kl (v, vv3)® /G

V= A‘(SCD[l & os(—)] 4 uzd : cos( — 5)
fa 4Mpl

* The PQ-breaking term can avoid the cosmologically dangerous
domain walls from the first periodic term.

* |n our case:

. 101° GeV A 6
F 1o sec< ) ~ 0(10% — 6(10%) sec
V331
o M _v 2,10 GeV
L~ % Ik sec( L 331) < = )
L VuVd V331

~ 0(107%) = 6(107%) sec
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The SU(6) Unification



T'he SU(6) unification (one-loop)

* The gauge couplings: (a3, @3, , ay) for the €45, and (a3, Ay , Ay)
4
for the G\ Use a; = EO‘N for the & 55, embedding into the SU(6).
E : . (pD) (D) (1) y = =
* non-SUSY: my, < p < vz < (bgy s - bsln, » b)) = §1 7 213 39

R (1) GO

=I5y

D (1) (L =
mz < i < vs3; t (Bgy s sy, > Puy,) = (7351 1131)29

D (1) (b=
V331 < # = Acur * (Ogy s, > Ogus), > Puy,) = O = )

* SUSY extension: 21 super-multiplet is anomalous, we include a ﬁH.
20



minimal SU(6) v33;=5.7x10'"GeV




T'he SU(6) unification (one-loop)

* To impose the unification condition at the UV:
= e - = |
a3, (Agur) = a5; (Agur) = o7 (Agur) = agur(Agur)

* Benchmark v33; = 5.7 X 10! GeV, we find:
1 8X10°GeV, as(Agyp = 18.14
sin” @, (m,) = 0.22923
PDG: sin” @y,(m,) = 0.23117 = 0.00016

* Proton lifetime:
i > etV ~ 10°° yrs<

~ 9.8 X 10°* yrs
SK limit: 7, 2 2.4 X 10°* yrs, can be probed in the future HyperK.

22
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1

= 016 GeV




Summary

* We show a non-minimal SU(6) GUT model with the minimal setup to
achieve a high-quality axion by identifying the U(1)p(, as the Abelian
component of the emergent global symmetries.

ny

symmetry consideration, w.o. much fine-tuning of the EFT parameter.

* The axion decay constant: 10° GeV < 1. S 10'°GeV purely from the

* The GUT spectrum contains vector-like KSVZ D-quarks, and heavy
leptons && singlet neutrinos, type-l seesaw.

* Safe from the cosmological constraints.
* The origin of the discrete symmetries?

* The improved RGEs, with two-loops and the mass threshold effects.
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The SU(6) Yukawa

* Atthe ©,;, — E\, breaking:
155656y + H.c. D

5 1H 2 1H
(33390)F®(3917+§)F®(1939_E)H_l_HC
2 2 ? 1H 2 1H
(1939+§)F®(1939_E)F®(1939_3 H+HC

=> mp ~ m, ~m, = 0(vy3)

D-hadron lifetime: 7, ~ m;! ~ 0(1073%) — 6(107>%) sec, Vs. the BBN
constraint of 7, < 102 sec.
* E[FIEE]ZIH +H.c.D
. L 0 2
(1’3,_§)F®(1,3,_§)F ®(1969+§)H+H‘C‘

= my v = O0(v331)
o5



The SU(6) Yukawa

® 1506.6;; + H.c.D
1 : o

1,2,-Dp®1,1,+2). (1,2, - ) +H.c.
= My » =~ O(Vgw)
15p15p1Sy+H.c. D

1 = 4
=>m,_ = O(vgw)
The EW EFT = type-ll 2HDM
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The SU(6) Yukawa

¥ 6.6 155+ H.c.D
1,2,-1);y®1,1,00/®1.,2,+ Hy+H.c.
= My ~ My =~ O(vgy)

>
¥ V
Type-l seesaw: (v,N) M@ ,N) = m, ~ — My ~ Vi3

V331
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The SU(6) termions

|
* To obtain the spectrum: N = gdiag(—l]3 , + 1) for the SU(6)

| | 2
fundamental, and Y = diag(g + 2N, 3 + 2N, 3 + 2N) for
the SU(3); fundamental.

* Inthe SU(5) GUT: 5, = d5 @ &), 10p = q; © us @ ef
* In the SU(6) GUT: 6. D d5 @ £;, 155 D g, @ us D e

* Additional SU(6) fermions are vectorial: (D; , Dy), (N, N'),
2 5
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