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Introduction
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U
Particles in SM

Unification of Gaut D Gsu
symmetries SU@B)e xSU2)L xU(1)y

Unification of
matter

Electromagnetic
force

Weak force

Grand unified theory
(GUT) l l l
Running behavior above couplings

(5) GUT | GUT 1s blank (10) GUT

- s = 1000 Gev 2HDM ] Gorr | . S0(10)
: ] ., K | Giz ¥ 75 |
45*

Gao-Xiang Fang, 40
1Ye-Ling Zhou, §

= 1ay,

70

GUT scale: The scale where
three gauge couplings are

r unified, denoted as gyt

King, Pascoli,
- Turner, Zhou,

i

12406.06861 2106.15634
oA " f o 1 i+ How about UV behavior of GUTs?
~~ [—— two-loop ] _
O: ---I--1z;1eTloolp L o 10'11 - 10‘14 . ] [ M, M, MGUT} 3

25 oo
Mgur (GeV) 10° 10" 10% 10"




Introduction

Asymptotic unification in 5-dimensional spacetime of gauge couplings: these gauge couplings
gradually approach the same value in the deep UV limit.
Asymptotic freedom in 5-dimensional spacetime of Yukawa couplings: these Yukawa couplings

sharply approach zero in the deep UV limit.

1. Yukawa couplings flow to

|||||||||||||||||||||||||||||||

5D  (10) with only 1g x _| Landau pole

2. Cannot explain fermion masses

1~ Not realistic!

Cacciapaglia, et al, 2012.14732,
1 2210.03596, 2302.11671, 2309.10098
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Whether there exist a realistic 5D (10) GUT with more than one Higgs field?



Framework

Breaking chain: 5D SO(10) Mrx, 4D Pati-Salam(SU (4). x SU(2)r, x SU(2)R) Mps

—= SM
BC Hie
Energy scale Symmetry Fermion Higgs
Wig ~ 16 Hhg ~ 10{complex Economical choice to achieve
n > ﬂr’IKK SO(IO) "Dﬁ ~ 16 H120 ~ 120(real . ..
o Hi = 18 fermion mass splitting
d/‘L ~ (4~ 2! 1) /
/ / hi, B ~ (1,2,2), his ~ (15,2, 2)
Mps <p < Mg Gaz YR~ ((f’ 11 ’12)) hi~ (4,1,2) Zero mode No zero mode
Vg ~ 1Ly \
: qr,dRr;uR Ui = U + WS
Mz < p < Mps Gsm l hswm 16 L R
L;VR,€ER, VS

Uig = VY7 + YR
Table 1. Gauge symmetries and particle contents VL =(qr.lr) ~ (4,2,1), V% = (QR, LR) ~ (Za 1,2)
remnant of the model at different energy scales.

% — (Q%aL%) ~ (Za 27 1) 7¢R — (QRalR) ~ (47 172)

Boundary conditions (BC) for fields  left-handed fermions, scalars

= (+,+)
of zero modes in UV and IR branes:

right-handed fermions = (—,—)
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Framework

Yukawa coupling terms in 5D (10):

L
—Ly =y10, Y16 H10 Y15 + Y10, Y16 H10 V15 + Y120 V16 H120 Vg + v16Vs H16 Vg + 5 MM vsvgo(y — mR) + h.c.
Yukawa coupling terms in 4D PS:

_ o _ 1
—Ly Dy, rhvr + Yy, ViR +L(yihh + yishis)Yr + yashayr + §MMVSV§ + h.c.

Dirac mass matrices of fermions: ¢ = v/vgw p 1
/

d
: Yt =Y1¢10 T Y1120 T T=Y15C120 5
/ 1 Yukawa matching relation 2/3
d d
— \/59100%0 + \/§y120 (6120 + ﬁcl20) ' from (10) to PS: p o \1/_ p
/
: 1 1 B Yp = Y1C10 + Y1¢120 + 2\/519/150120 ,
= \/§y1occll0 + \/§y120(061l20 + ﬁc(ilzo) : Y10 = ﬁyly Yie = Y4, /3
1 1 Yr = ylcd + ] a0 — —y15Cd ;
\fymclo + \/_y120(0120 fcl20)a Y120 = —=Y1 = —=Y15 10 120 2 120
V2 2v/2 , V3
Yo = V2y10¢io + V2 y120(¢l20 — V3ci20) " Yy =16t + Yiclao — 5 “— 15120 -
(10) PS

0 mp 0

2
Inverse seesaw: | mp 0 mg g

Considering global U(1) symmetry,
> = M 2 , mg = y16Mpg
0 mg uwm

terms of Y10, and y;, are forbidden
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Gauge running and asymptotic unification

RG running for gauge couplings at different energy scale:

271'% = ()ZSMOéZ2 > 27Td£i = bZPSCE,? ? 27Tddoéi = b,FSOéZZ + (S(t) — 1)()100&@
MZ > MPS > MKK > |
K.R. Dienes, et al, hep-ph/9803466,
hep-th/0210294
T.R. Morris, hep-ph/0410142
Express KK states contribution in a continuous Define effective 't Hooft coupling with respect
approximation: to KK excitations:
1 for M ~ _
S(t) = { t < Mg, - alt) = ai()S (1)
p/ Mgk = Mzge' [Mxx  for p > Mgk .
G = —2—— < 219% — 27, + b1gd? «—— gpdas _ pPS,2 N 2
i S dz ) 10&x; 27'('? = b’L o -+ (S(t) ].)blOOéZ-
T A VA 2T b1o < 0 is crucial for gauge couplings existing
4, 2L, 2R —7 Oé[f(}/ =

bio asymptotically safe fixed point



Gauge running and asymptotic unification

-coefficient of  (10) gauge group above the compactification scale  g:

bio = —(5 — §)C2(SO(10)) + 3 X p T(F) + 5 g T(SH)

G]l() ~ 10,rea1

Hq26 ~ 126, complex

~

1 Too large
Hyg ~ 10, complex 6 Uy
Hygo ~ 120,real —— byg = — 2 ——— @y, dop, Gop — &y = g\ M0 = 127 )
Hig ~ 16
Affps MKK afl[l
; _— > Asymptotically safe
0.50f |
S % 5D effective gauge coupling:
0.10} a3 S e
0.05 ) ga _ 8m® pom— 2
: (%)délwoz 3(%)54#@ o= ~ 0.033 < 1
@L d=5
0.01¢

logo(1/GeV)

Figure 1. Running of the gauge couplings with
Mpg = 10% GeV and Mgk = 100 GeV.
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Well under perturbative control



RGEs of Yukawa couplings

Only consider Yukawa couplings of the

RG running of Yukawa couplings: : / _ &> Ol
third generation fermions for simplicity

1 My; ———— Mpg ——— Mg —— uv
Yukawas : Yts Ybs Yr Y1, 'yi: Y15 Y1, ?f'i » Y15 Y10, Y120
dozt 9 3 9 17 dayl [
T [iat et ar T L T ot 80‘3} at 2m—g = |60 Aoy —
day 3 9 9 1 dagrr 7
27'('5 = |:§Oét + 50[5 + oy — ZOKQL — ZOél — 80&3:| op ———> 27 di — _2ay1 + 80éy1’ -
da 5 9 9 dayis 7T
21 dtT = [304,5 + 3o + 5047 — ZagL — Zal} s 21 dyt = _8043/15 + 201 —

My < u < Mpg, one-loop Yukawa RGEs in SM

y6 (VL HeV G + VG Hethp)

-+ ys(VLHer U5 + U5 Hortr)

—Ly :ylo\Ij16H10\IjE + ym(%HlO\IJE + W_%HW¢R) +he do do
+y120V16H120V7g — dh — 277 d;/yr =27 dtyr
+vy167sH16 V<& + h.c. T -

Y16Vsii16 Vg y1vrhivr + V(Y + yishis)vr
+yavshir + hec.

(10) Yukawa couplings === PS decomposition

Mpg < p < Mgk, one-

NENCORSIES

45 9

R Z(OzzL + CY2R)} Qg1

45 9

Vi Z(O@L + 0423)} Qg1
45 9

Vi Z(OC2L + 042R)} Qy15

loop Yukawa RGEs in PS

dovy,
d¢

KK

Mgk < Ly 50(10)



RGEs of Yukawa couphngs

0% ~"N‘ﬁ} : ; X
_____ (Y sndiations 9% do, ;
| 5 | 5 Tt ‘KK - {10%1 g ays +dagy =
' ' A /,:_qu 45
/\\ /A\ i W N ~gloa OQR)} Y1
i ! | da,1/ 3 15
: I N N 2m dg; KK {2%1 + 5 y6 + 12017 + o w10 +
‘ ' * — 4—5(a +« )} Q
d&ylo i i 171 i i 3 2L 2R yl’
27 = [27r + 26010 + 240120 — —0410} Qy10 day1s 3
dt 8 ) 27r7‘ {Qayl + —aye + 915 +
d&y120 219 ~ dt |KK 2
21 1 [271' -+ 100@10 + 1200@120 — ?0410} Qy120 45

— g(OQL + 052R)} Q15 -
One-loop Yukawa RGEs in 5D (10)

Z@y6/ —

~Qy10 T 4Oéy6/ —

PS decomposition

81
—o
e

129

8

129

Explicit unification: all Yukawa couplings have already been fully unified into their ~ (10) values at KK scale

1 1
o Myl 6 - ‘w10,

) . : . at u = Mgk

§Oéy1’7 §O‘y15a 8ay107 16 - @y120;

da 1 81 45
27 d?;lo = [27r + 26010 + 240120 — §@4 - g(OQL + 0423)} “y10
da 129 45
i 20 s
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RGEs of Yukawa couplings

da 171
2 O:iylo = [27‘(‘ —+ 260~éy10 + 240~éy120 — —&10] O~zy10
One-loop Yukawa RGEs in 5D (10): 4 t g 19
27 5;20 = [277 + 10ay10 + 1200y120 — ?5410] Qy120
_ "/"/"/'al‘o':'o'.oég
0.20| / //////// i 0.20 ¢ i
/ / / /// / 4 : | _~ Asymptotically free region
0.15 / 1 oas] :
| / // /A | pen |
8 0.10] / / // - -~ § o.0: 1 As T1p gets larger, asymptotically free
S _ / / o /5,/ e S | region will gets bigger, the negative
0.05 / / T N 0.05 - 1 contribution of gauge couplings can
: //'/;—**'“’”M ] ! ] suppress the positive contribution of
0.00° v 0.00+ 1 Yukawa couplings, thereby achieving the
5 ST e -_ | asymptotic freedom of Yukawa couplings.
_005_1 "H YRR WY ?\?:_T*."—T‘*——-—r- R -0.05¢ A / .
00 02 04 06 -02 00 02 04 06
10 Q10

Figure 2. Stream plot of Yukawa couplings 10, Gy120 in 5D SO(10) GUT.
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Scan Yukawa couplings

Free parameters: {y10(MkK), y120(Mkx)}

evolve couplings from gk to pg

through one-loop Yukawa RGE in

VEV constraint: (%)% + (cg)? 4 2(c¥5g)? + 2(c%5g)? = 1

(10)

Initial values for one-loop Yukawa RGEs in SM to evolve couplings from the EW scale to  pg:

{ye, v, yT} = {0.97,0.016,0.010} at u = My
0.25° 0.6
0.20 |05
] 0.15 <
= 12 0.3
< 010 8
: 502
0.05- 1 01_
0.00',’ o e . .
00 01 02 03 04 05 0.34 0.36 0.38 0.40 0.42
(10 y10(Mxkx)
1.00 - 0.60
: - — —_ ..
x % 2 056
= 0.85 | S :
I | = 054
= 0.80- 1 > t
— 0.52
= 075
0.50[ -
0.70 - ¥ a
070 075 0.80 085 090 095 1.00 050 052 054 056 058 0.60
yp(Mgk) x 1072 yi(Mkx)

G.Y. Huang, S. Zhou, 2009.04851

€ (0.3460, 0.4223)
€ (0.0353,0.6187)
(0.0070,0.0099)
€ (0.0070,0.0098)

€ (0.4931,0.6044)
€ (0.4930, 0.6043)

y10(Mxkxk)
Y120 (MkK)
yp(MkK) €
yr (MKK)
t(MKK)
Yy (MkK)

There are some parameter space
that can explain fermion masses

<
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Benchmark point

da . . 81 45, . - ~
o —v10 [27r + 26010 + 240y120 — G4 — — (G2r + 0423)} Qy10
> ; dt 3 8 )
«Q . . 129 _ o, . N ~
. gtlzo = [27‘(‘ —+ 1an10 + 1200@120 — —8 a4 — g(OQL + OJ2R>] y120

Negative gauge contribution ultimately suppressing the positive Yukawa contribution Asymptotically free

y10(Mkk) y120(MkK)
0.348 0.035
T— Mpg Mgk Pt Y16 (MkK)
P 106 GeV 1010 GeV 1 keV 102
o Cgo CC1£20 Ccfzo
0.999 0.013 0.0004 0.0217
y1(Mpsg) y1 (Mpsg) y15(Mps) my
Output
SRS 0.681 0.075 0.149 0.07 eV
yp(MKK) yr (MkK) Yt (MKK) Y (MKK)
0.0074 0.0073 0.534 0.493

Table 2. Inputs and predictions of VEVs, Yukawa couplings,
charged fermion masses and neutrino masses of one point.
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Figure 4. Running of the Yukawa couplings for the benchmark

ps = 10° GeV and

KK = 1010 GeV.
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Conclusion

.

5D  (10) GUT with PS as an intermediate scale can realize asymptotic unification of gauge
couplings and asymptotic freedom of Yukawa couplings.

We recover experimental data on the masses of third generation quarks and leptons.

We have derived one-loop Yukawa RGEs for 5-dimensional ~ (10) group and its decomposition
to PS group.

As the energy scale runs toward the UV limit, the ‘t Hooft couplings of all gauge couplings
approach the UV fixed point —2 / 1 regardless of their initial values. A negative 1g is crucial
for realizing asymptotic unification of gauge couplings, which limits the redundancy of Higgs
contentin  (10) GUTs.

Separate left-handed and right-handed chiral fields into W  and W—, proton decay i1s naturally

forbidden.
Thanks!
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