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\ Introduction

Asymptotic unification in 5-dimension spacetime of gauge couplings: these gauge couplings gradually

approach the same value in the deep UV limit.

Asymptotic freedom in 5-dimension spacetime of Yukawa couplings: these Yukawa couplings

gradually approach zero in the deep UV limit.
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2. Cannot explain fermion masses

=~ Not realistic!
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Whether there exist a realistic 5D SO(10) GUT with more than one Higgs field?



Framework

Breaking chain: 5D SO(10) X5, 4D Pati-Salam(SU(4). x SU(2)1, x SU(2)r) —£5, SM

BC 16
Energy scale Symmetry Fermion Higgs
Hqyo ~ 10L& le - - :
U16 ~ 16 19 @%%\ Economical choice to achieve
Mk SO(10) U~ 16 Hazo ~ 120(real g -
# > MKk - e Hyig ~ 16 fermion masses
Vg v

Hys ~ 45, real

Yo~ (42,1 by~ (1,2,2) s ~ (15,2,2) Zeromode  No zero mode

M, 1 < Mpg bp ~ (4.1, ar ~ (1.3.1), hap ~ :
KK < pt < Mps G2 !;/f - ((;11:11:-12)) ?,Ei ~ Eiﬁgll)l)}l}ijw ((:1 11;)) \P16'>¢L + \I}{
Mgy < pp < Mk Gsm ESLU:Z:}; hsm \PE — \Ij% + ¢R
Table 1. Gauge symmetries and particle contents Y = (qr,1lp) ~ (4,2,1) ,¥% = (QR, LR) ~ (Za 1,2)
remnant of the model at different energy scales. ¢ =(Q%,L%) ~ (4,2,1),vr = (qr,IR) ~ (4,1,2)

Boundary conditions (BC) for fields left-handed fermions, scalars = (4, +)
of zero modes in UV and IR branes: righg-handed fermions =

Y



Framework

Yukawa coupling terms in 5D SO(10):
—Ly =y10¥16H10 V15 + Y120 P16 H120 V15 + Y1675 H16 V1g + ;uM vsvs 0(y — TR) + h.c.
Yukawa coupling terms in 4D PS:
—Ly D y1brhivr + YL(yih + yishis)¥r + yalshadr + %NMV_SVg +h.c.

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

_ u 1 d d
u d’ L 4 Yukawa matching relation Yt = Y110 + YiC1z0 2\/3‘9150120 ;
Y = \/§y10010 + \/§y120(0120 + ﬁclzo) s from 50(10) to PS: '

, 1 B 1 B Yo = ylccllo + yic(%zo + ﬁywccfzo )
= V2y10cio + V2 y120(cf20 + ﬁcclizo) , Y10 = 753/1, Y16 = Ut V3
1 1 yr = y1cho + yicd. ~ 156420 5
yr = V21100 + V2y120(cta0 — V3ch90), Y120 = ﬁyi = ﬁylg) T 10 T J1¥120 \3_ 120
/ 3
Y = V2y10¢to + V2y120(cl20 — V3elao) " Yy =116 + Yiclao — 73“5001[20 :
S0(10) I

0 mp 0 5

m
Inverse seesaw: | mp 0 mg > My = UM % , ms = y16Mps
0 mg pwm 6




Gauge running and asymptotic unification

RG running for gauge couplings at different energy scales:

omd — pSM2 __ opdas — pPSH2 27rddof = b2 + (S(t) — 1)brocy

dt { () dt () 1
Mz > Mps > Mk
Express KK states contribution in a continuous Define effective 't Hooft coupling with respect
approximation: to KK excitations:

S<t>_{ 1 fOI’,LL<MKK,
p/Mgg = Mze'/Mgx  for p > Mgk .

~ 2 da; __ ~ ~2 .
Q; = e—t+czr—b10 < 2T doé = 271'()4,,; + bl()Oé,L- — 271'% — bfsa% + (S(t) _ 1)[)100&¢
L UV, .yv 27 bio < 0 is crucial for gauge couplings existing

4, Q2L, 2R — Qg = byo asymptotically safe fixed point



Gauge running and asymptotic unification

f-coefficient of SO(10) gauge group above the compactification scale Mgk:
bio = — (5 — §)C2(SO(10)) + 5 X p T(Fy) + 5 X5 T(Si)

Hip ~ 10, complex

ng.n ~ 120,1‘6{-11 ~ ~ uv ~UV __ 2T
Hig ~ 16 " bio=-5 " Q401,00 = Q10 =

Hys ~ 45, real

;nt'fp g ;'1'{}{ K o' 10
1} ] _ _
. { 5D effective gauge coupling:
Q(d) 4 8
: T = A =
) (2m)* . 3(27r)5 1
0.10 ¢ a3 ] o
5_ (4 Asymptotically safe; _
- ] ell under perturbative contro
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(1‘1
0.01¢ L

2 3 4 5 6 7 8 91011121314 1516 17 18 19
logy(14/GeV)

Figure 1. Running of the gauge couplings with
Mpg = 10% GeV and Mgk = 10 GeV.
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RGEs of Yukawa couplings

Running of Yukawa couplings: Only consider Yukawa couplings of the
third generation fermions for simplicity
I My; ———— Mpg —— Mg ——— uv
Yukawas : Yts Yb, Yr Y1, Y1, Y15 Y1, Y1, Y15 Y105 Y120
day 9 3 9 17 day1 7
QWE = bat + 5% + a; — iO@L — 2—Oa1 — 8@3} ot 27 d{fy = _100@1 + 4oy —
dov 3 9 9 1 dayyr T
27Td—tb = bat + iab + oy — ZO&QL — Zal — 8a3} ap — 5 2 dz = _204y1 + 12a17 —
do, 5 9 9 do,1 i
21 gy = [Sat + 3ayp + 5047 — ZagL — Zal} o 21 dgf - _90@15 + 201 —

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

y6 (VL HeVG + VG Hethp)

45

9
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45

4

45

4

4
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9

9

(car, + 042R)] Qg1

(cvar, + OézR)] Qg1

(cvor, + 0423)} Qy15
Mps < < Mgk, one-loop Yukawa RGE in PS

dov,
dt KK

- +ys(Yr Hep U5 + \IJ_%HGMDR)
—Ly :yloqjiHloqu + yw(%HlO\Ij% + W_EHW¢R) +h.c. do do
+y120V16 H120V7g = Jh ) 27 d;yr =27 dfr by +(S(t) —1)27m
+1y16VsH16V5g + h.c. — ——
Y1eVsiti6 Vg UL hivr + ¥ (yihy + yishis)vr Mgk < p, SO(10)

+ yaUshgr + h.c.
50(10) Yukawa couplings === PS decomposition



RGEs of Yukawa coupllngs

N v,
“““ (™ ;PM JM./H? | o 31
e | dt
SN TN
i i do‘yl’
N ¢ T4
SN\ N
dé1o ~ . 171 . 7.
oIm—2— = [277 + 42010 + 2404120 — —0410} Qy10 doy,1s
dt 8 ) 27—
day120 < ~ 219 . 1 a
1 ::{2ﬂ*+-100@10'+-1360@120 —-—Er1110}0@120

One-loop Yukawa RGE in 5D SO (10)

‘KK

o =

KK

3 5 9 81
— {180éy1 + §Oéy6 + 404y1/ — §Oéy10 + ZayG/ — §&4
45
— §<042L + 042R)} Q1
3 15 9 129
= {20@1 + §ay6 + 20a,17 + 7ay10 + Zay@;/ — ?oal
45
— §<@2L + 042R)} Q1
3 3 9 129
{20@1 + 56 + 1lay15 + 210 + 7w ?&4
45
— g(CQL + 0423)} Qy15 -

PS decomposition

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

1 1
5043/1, ZO&yG — ay10 ,

. . ; 1 at © = Mykk

§Ozy1/, g()zylg), 804y10, 16 y120

dé1o 1 81 45
2T d?; = {2% + 42010 + 240120 — §a4 — g(aQL + O‘2R)} y10
da 129 45
2m éﬁzo = [QW +10ay10 + 136ay120 — ——a4 — §<OQL i O@R)} Y120
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RGEs of Yukawa couplings

do . . 171 . 7.
_ 2T dg;lO = [27‘(‘ + 42010 + 240120 — ?0410] Qy10
One-loop Yukawa RGE in 5D SO (10): 4G 219
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Figure 2. Stream plot of Yukawa couplings dy10, Gy120 in 5D SO(10) GUT.
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Scan Yukawa couplings

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

VEV constraint: (%)% + (cg)? 4 2(c¥50)? + 2(c%5g)? = 1

evolve couplings from Mgk to Mpg
through one-loop Yukawa RGE in S0(10)

Initial values for one-loop Yukawa RGE in PS to evolve couplings from the EW scale to Mpg:

yr(llfl'\K) X ].0_2

{ye, yp, -+ = {0.97,0.016,0.010} at u = My

1.4

Y120( Mkk)

0.4

0.0

Oi'.r;lﬂ

08 10 12 14 16 18
yp(Mkk) % 1072

1.2
1.0
0.8
0.6"

0.2

0.40 0.45 050 055
'ym(—-”f(h')

055 060 065 070 075 0.80
Y (Mkk)

G.Y. Huang, S. Zhou, 2009.04851

€ (0.3757,0.5699)
(0.0822,1.2519)

y10(Mkxk)
y120(MKK) €

yp(Mkx) € (0.0072,0.0179)

yr(Mxk) € (0.0072,0.0177)
yt(MKK) € (0.5344,0.8101)
yy(Mkx) € (0.5344,0.8098)
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Benchmark point

da . . 81 . 45 . - ~
r—vi0 _ [2% + 420010 + 240120 — - G4 — — (o + O‘QR)} y10
p > Mgy di ; °
da ) . 120 45 _ .
27T—§t120 = {2# + 10¢y10 + 1360120 — g M g(O@L + 0423)} “y120

Negative gauge contribution ultimately surpassing the positive Yukawa contribution ~ Asymptotically free

y10(Mxxk) y120(MkK)
0.376 0.082
Inputs Mps Myk MM y16( MKK)
- 106 GeV 1010 Gev 10 6V 10-3
‘1o fo a0 G
0.999 0.007 0.0002 0.0317
Outputs y1(Mps) y1(Mps) y15(Mps) my
m 0.677 0.174 0.338 0.09 eV
up (M) yr (Mxx) yt(MKK) Yy (MgK)
0.0075 0.0074 0.534 0.534

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
point with Mpg = 10° GeV and Mgk = 10 GeV. Solid line
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Conclusion

1.

5D SO(10) GUT with PS as an intermediate scale can realize asymptotic unification of gauge
couplings, which means these couplings gradually approach the same value in the deep UV limit.
Asymptotic freedom of the 't Hooft couplings of the Yukawa couplings can be realized.

5D SO(10) GUT with PS as an intermediate scale can recover experimental data on the masses of
quarks and leptons.

We have first calculated one-loop Yukawa RGEs in SO (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 —2m /b, regardless of their initial values. A negative b, is crucial
for realizing asymptotic unification of gauge couplings, which limits the redundancy of Higgs
content in SO(10) GUTs.

Separate left-handed and right-handed chiral fields into W, ¢ and Wig, proton decay is naturally
forbidden.

14



Conclusion

Thanks!
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