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Introduction

Weak force
Electromagnetic Grand
force Unified
New Physi Theory
ew Physics (GUT)

Strong force

Gravity... not included



Road to unifications

Strong nuclear interaction (QCD)

SU(3), Grand Unification?

Electricity

Electromagnetism

Electroweak interaction

Magnetism SUR), x U(1)y
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GUT models

PHYSICAL REVIEW D VOLUME 8, NUMBER 4 15 AUGUST 1973

Unified Lepton-Hadron Symmetry and a Gauge Theory of the Basic Interactions™

Jogesh C. Patif
Department of Physics and Astronomy, University of Maryland, College Pavk, Maryland

Abdus Salam
International Centve for Theovetical Physics, Mivamave, Tvieste, Italy
and Impevial College, London
(Received 5 February 1973)

An attempt is made to unify the fundamental hadrons and leptons into a common irreduc-
ible representation F of the same symmetry group G and to generate a gauge theory of
strong, electromagnetic, and weak interactions. Based on certain constraints from the
hadronic side, it is proposed that the group G is SU@4’) xSU@4’’), which contains a Han-
Nambu-type SU(3’) xSU(3’’) group for the hadronic symmetry, and that the representation
F is (4,4%. There exist four possible choices for the lepton number L and accordingly

| four possible assignments of the hadrons and leptons within the (4,4%*). Two of these require

PHYSICAL REVIEW D VOLUME 10, NUMBER 1 1 JULY 1974

Lepton number as the fourth ‘“‘color”

Jogesh C. Pati*
Department of Physics and Astronomy, University of Marvyland, College Park, Maryland 20742

Abdus Salam
International Centve for Theovretical Physics, Trieste, Italv

and Imperial College, London, England
(Received 25 February 1974)

Universal strong, weak, and electromagnetic interactions of leptons and hadrons are gen-
erated by gauging a non-Abelian renormalizable anomaly-free subgroup of the fundamental
symmetry structure SU(4), x SU(4)g x SU(4"), which unites three quartets of “colored” baryonic
quarks and the quartet of known leptons into 16-folds of chiral fermionic multiplets, with
lepton number treated as the fourth ‘“‘color” quantum number. Experimental consequences of
this scheme are discussed. These include (1) the emergence and effects of exotic gauge me-
sons carrying both baryonic as well as leptonic quantum numbers, particularly in semileptonic P
processes, (2) the manifestation of anomalous strong interactions among leptonic and semi-
leptonic processes at high energies, (3) the independent possibility of baryon-lepton number
violation in quark and proton decays, and (4) the occurrence of (V+A) weak-current effects.
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GUT models

H. Georgi

VOLUME 32, NUMBER 8

PHYSICAL REVIEW LETTERS

S. Glashow

25 FEBRUARY 1974

Unity of All Elementary-Particle Forces

Howard Georgi* and S. L. Glashow
Lyman Labovatory of Physics, Havvavd University, Cambvidge, Massachusetts 02138
(Received 10 January 1974)

Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).

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.

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 strong intevactions arve mediated
by an octet of neutval vector gauge gluons as-
sociated with local color SU(3) symmetry, and
that there are no fundamental strongly interact-
ing scalar-meson fields.® This insures that

And Higgses 3, 45, 24.
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Georgi-Glashow (1974), SU(5) GUT




GUT models

- S0O(10) GUTs Fritzsch, Minkowski (1975)

16=5+10+1=(4,2,1)+4,1,2)
SO(10) SU(S) SUM@),. xSUQR); x SUQR)p

Contains SU(5) and Pati-Salam, and more ... HFrltzsch . P Minkowski
~ Not minimal but realistic SU(5) e.g., with extra 15,,, 24,
- SUS) X U(1)g_; = Gs, 5+410+1, 13 ~ 1
© Flipped SU(5) X U(1)y := G? ued vee

Rujula, Georgi, Glashow (1980); Barr,(1982); Derendinger, Kim,
Nanopoulos (1984); Antoniadis, Ellis, Hagelin, Nanopoulos (1989)




GUT phenos
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Unwanted topological defects:
monopoles and domain walls

In any breaking chains, inflation has to been
introduced to inflate unwanted defects

Gy = SU@) - X SU2), X SU2),
Gs, = SU5) X U(1)y

ch: W, < Yy

G, = Gy or Gyyy,
G351 =SUQB) - X SUR); X SUR2)p X U(1)p_;
Gy =SU@A) X SUR); x U(1)y
Gy =SUQB)-XSUQR), X U(1)g X U(1)5_;
Gy =SUQB) - X SUR), X U(l)y X U(l)y

Gov = SUQB) - X SU2); X U(1)y
King, Pascoli, Turner, YLZ, 2005.13549



Basics of GUT's

Unification of symmetries Gour D Govy = SUQB) - X SU2); X U(1)y
Unification of couplings g = g, = g uptoaloop

correction factor

The scale where three gauge couplings are unified, denoted as Mgy in this talk

Unification of matters L Q
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RG running of gauge couplings

GSM

>

G, = SUQ),, SUQ2),, U(1)y, -

Unification scale?

2
Given a; = i—l for gauge coupling g; of group G;
T
M
do, ny Z
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b, = ——CZ(G) +— Z T(F) + — Z T(S)




RG running of gauge couplings

2
Given a; = i—l for gauge coupling g; of group G; G, =5U@4),, SUQ2);, SU2)p, -
T
Gsm Gy
M, > Mpg » M, (GUT scale)
3 2 :
Gypp = SUA) XSU(2) XSU(2)r 60 ST R [
‘ [ : . 3
; 1 2R | a
) ’ 40 - : . 1, _28
S L : :
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i : a4_1
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UV behaviour of gauge couplings

Iggs

. b,y d di fermi dl
RGE of gauge couplings above the GUT scale 10- SEPENEING On TETION &n
particle contents of the model
2 .
Higgs contents b
take SO(10) as an example, a9 = % 1302
T

>

—>

(10,,126, 45,) =
da 3
10

Y 15
27 = boaty, (10,,120,,126,45,) ——
dr ?l
(10;,120,,126,45.) ~ —
Ton 8
_ (10;,120,,126,45.,54.)
_ b YA 44
I = ayo(My) - lOg(MLX) (10;,120,,126,210,)
27T
d19 — O for bl() > () Landau pole at U = MX €Xp< — )
1010
27T

apg — 0 for by <0 asymptotically approach to

—byg log(u/My)
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UV behaviour of gauge couplings: another possibility?

~ A theory is said to be asymptotically safe if the 'essential' coupling parameters approach a fixed point as
the momentum scale of their renormalization point goes to infinity.

— —S. Weinberg in Ultraviolet divergences in quantum theories of gravitation, 1979

- Fixed points in f function

Asymptotic safety in the UV limit

a9 Might approach to a fixed,
non-vanishing and finite value.

= The third phase for UV
behaviour of gauge theories

12



Yukawa Couplings in GUTs Very model-dependent, take SO(10) as examples

N/

Field arrangements: fermion ~ 16, 16 x 16 = 10,4+ 120, + 126,

= scalars ~ 10,126, 120

© Yukawa couplings £y, = Wy [Y10H10 + YypoHpo + Y126H126] ¥

)

(+ Wi | YioHZ + YU, H®: | Wi can be forbidden by the Peccei-Quinn symm

120
Correlation between quark and lepton Yukawa couplings h x Y
Y,=r(h+f+ih) Y =h+rf+irh M, =m, f S Yiag
h' « Y9

Ye — rl(h o 3f+ iCeh/) Yl/ — h o 3r2f+ icl/h/ My — = YI/MI/_RIYZVL% +fVL

Inputs a1 as Cy mo (N> Mes N3 N> Mss M)
63.57°  84.17° -1.945 82.82meV  (+,+,—;+,—,+) Fu, King, Marsili, Pascoli,
Outputs 013 012 023 0 m1 Turner, YLZ,
8.53°  32.7° 41.9° —125° 3.36 meV 2209.00021 (non-SUSY);
(x?=0.33) | mgg My, My, My, 2308.05799 (SUSY)
5.83 meV 4.23-10"1 GeV 5.32-10'11GeV  1.66- 103 GeV

Small hierarchy between RH neutrino masses

13



Yukawa couplings in GUTss

- 10 + 126, Bertolini, Schwetz, Malinsky, hep-ph/0605006
Bertolini, Di Luzio, Malinsky, 0903.4049; 0912.1796

o 105 + 120, + 126 Babu, Bajc, Saad, 1612.04329

Most recently see: Babu, Di Bari, Fong, Saad, 2409.03840

NO : (My, My, Ms) = (6.57 x 10%,2.08 x 10'%,8.10 x 10'*) GeV,

Large hierarchy between RH neutrino masses

See also
Joshipura, Patel, 1102.5148; Dueck, Rodejohann, 1306.4468...
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5D GUTs

SM particles KK modes
dof

Wo(xr) + z Wk (XH)

KK=1
1, <M
dof = { s KR

[/ Myl, > Myy

IR brane

O
-
O
O
=
D

One extra dimension S,/(Z, X Z,)

dof

My = 1/R
S = Jd4xdy gSD — Jd4x§/ﬂ4D 4 2 Jd4x°§€KK KK
KK=1
In 5D, it is useful to introduce 't Hooft coupling for the gauge coupling a; = dof X a;, for 4 > Myx
& =Vke, S0 { 1 foru < 1/R,
[) =
a(t) = a(t)S(0) UR = M,Re' foru > 1/R.

Holger Gies, hep-th/0305208, Tim Morris, hep-ph/0410142 e



Asymptotic GUT iIl SD Cacciapaglia, and Cornell, Cot, Deandrea, 2012.14732; 2210.03596

5D SU(5)

v

| 5D SO(10)

X

16



A successful and realistic SO(10) aGUT

Asymptotic grand unification in SO(10) with one extra dimension

Fang, Wang, YLZ, arXiv:2505.08068

Y EE

My ~ 1010 GeV . Mpg ~ 10° GeV
- Breaking chain 5D SO(10) XK o 4D Pati-Salam =——— SM
Energy scale Symmetry Fermion Higgs
‘1116 ~ 16 HIO ~ 10,complex
| p > Mgk SO(10) Uig~ 16 Hy20 ~ 120, real No 126 Higgs
~ Particle contents Vg ~ 1 Hig ~ 16
YL ~ (4,2,1)
hi, b ~ (1,2,2), his ~ (15,2, 2
Mps < p < Mgk G422 Yr~(4,1,2) 1 (h— ~ 221 1152) | )
vg ~ (1,1,1) Am
JdRr,u
Mz < p < Mps Gsm , AL, CRy AR hsm
LyVR,€ER, VS

17




: My ~ 100 GeVv | Mpe ~ 10° GeV
Symmetry breaking 5D SO(10) *—~—" 4D Pati-Salam =——— SM

Boundary Conditions (BCs) to achieve the first breaking: SO(10) - SO(6) X SO(4)
SO(6) ~ SU4),., SO4) ~ SU2); x SUQ2)p

+ + + + + + - - - - + + + + + + + + + +
+ + + + + + - - - - + + + + + + + + + +
+ + + + + + - - - - + + + + + + + + + +
+ + + + + + - - - - + + + + + + + + + +
+ + + + + + - - - - + + + + + + + + + +
BConUVbrane |_ . . . L L _ _ _ _ BConlIRbrane |, . . . L L. L+ 4+ L 4
—————— + + + + + + + + + + + + + +
—————— + + + + + + + + + + + + + +
—————— + + + + + + + + + + + + + +
—————— + + + + + + + + + + + + + +

Fermions and Higgses BCs are arranged accordingly, such that those appearing in 4D PS model have zero mode, and

16 Higgs to used to achieve the second breaking: G;,, = G

2+ Glm) + (320
! 3

_ 1 _
16 = (4,2,1) + (4,2,1) = (1,1,0) + (1,1,1) + (1,2, — 5) +(3,1, 3

Go» G3)
18



Yukawa coupling in 5D SO(10)

_ . _ L L L

”' — — 1./ — 1 -
SO — | d* v @hr + Tk + yishis)Wg + YaPshawg 5 HvPsts +h.c.
Ve =y + ¥y Yo=Y, +ug Hyy Chy, HypgDhy+hys, HygDhg
1
_ d | d
Yy = \/5 Yw(?fo T \/5 Ym(cuo | Clzo) Inverse seesaw
V3
1
_ d d | d
Yo = \/z Y1019 T \/5 Y120(C120 C120) 0 mp 0 mp = y,(Hg\)
3 %V — mD O ms <H >
_ d d’ d Mg = Y16\1116
Ve = \/5 Y10C19 T \/5 Y120((7120 — \/56120) 0 ms i
_ d’ d 0
Y, = \/5 yl()cﬁ) + \/5 )’120(0120 o \/gcuo) m, = @ﬂM
v 2



UV behaviour of gauge coupling

© RGEs for gauge couplings in 4D

19 41)

Standard Model, (bx. by . b, ) = (— 7. |
(3 2L 1) 6 10

7
Pati-Salam Model, (b,, b,;, byp) = (— 3, 3 3)

p coefficient including KK contributions

byg = (— % + % ) C,(SO(10)) + g Y 7(F) + % Y 7(5)
T F S

Vs appears as scalar

27 : :
UV fixed point

20



UV behaviour of gauge coupling

Gauge couplings asymptotically safe

Higgs contents

~UV
X0

050 ol | 2
| D sl = 2 ~o0033<1.

0.10
0.05"

Qi3
i
- 10,,120,, 45,. 16
i 0]

0.01¢

10.,120,,45,, 16

)
10,,120,, 45,,16)
)
log,o(1/GeV)
)

(
| | | | | | | | | | | | L] (
2 3 456 7 8 91011121314 1516 (

(

126 Higgs is not recommended (10r; 120x, 54, 16

16 1 14 T
blo = — 28 I n\PM,C + _nHlo,r I nleo,r \ (]'OI') 126)




Deriving Yukawa RGEs

Gamma matrices (32 X 32) and chiral representation 16 in the gauge space of SO(10)

| ~Iis O !
L 1) = 204, F;( = il = Prr==Un=F F)()
0 I 2
R Y 0 _
P, =P ¥ = ( 16) Yo=P Y= (T) 32 =16+ 16
0 16
Field arrangements: Fermion ~ 16 + 16, Scalars ~ 10 + 120 + 16 (126 is not included)

_ . 1 . .
~Zy =V | y1o(CPr);Hy + ;yIZO(FanFCP R0 | ¥ + yieZsHig(Pr)i? +h.c.

Feynman rules

a I b I I
Ho: H720! Hig

SN N N

x V2L [UZ 7S oJ

Wr0(TaPr)ij  %Y120TelslcPR)ij 116 (PR)kj



Deriving Yukawa RGEs

Calculate loop diagrams one by one _ His Hizo High
H R
P N \\I’iﬂ HilgO Wi @%{1:0\\
" 2dy1‘ zdyr 2dyr
RGE for Yukawa couplings 167 T 167 ” + (S() — D167

0-mode contribution

| Wk)
def

abc
H 120

Hde f

[
\I’j \i,z 120 \I;j

4D KK

Assuming yy small enough, thus its contribution can be ignored.

)10 270
167?2? = "o ‘4DY10 — 96Y150Y, V120 + 10Y10¥] V1o + +60(r103150V120 + Y120Y159710) 110 ‘413 = — Tglzo + 8 Tr(yy9y;,)
4D
dy129 2770
1672 17 = 120 ‘4DY120 + 104Y120YfZOY120 + 5<Y120YfOY10 + )’IOYITO)’IZO) 120 ‘4D — = Tglzo + 8 Tr(yyz0) 1T20)
4D

KK-mode contribution

1 6ﬂ2—dy10
dr

1672

dY120

dt

171
= 10 ‘KKYH) T IOYIOYITO)}IO T 6O(Y10y1T20Y120 T Y120YfZOY10) T +60(Y10YITZOY120 T hzoﬂzoho) 110 ‘KK = — Tglzo + 16 Tr (Y1OYf0)
KK
= + 104y,50). + 5(V0Yi2 V10 + Y1012 V120) 219 2 f
=Ma2o| Y120 Y120Y120Y120 T (V1201010 T Y10Y1¢V120 120 ‘KK =~ g 810 + 16 Tr(y120Y;,)
KK

23



Deriving Yukawa RGEs

2
" RGEs for 't Hooft couplings (1) = @, (OS(O. @, =3, r=10,120
T
da,29 3 5 219 7.
271' dt = [271'"‘ Ianlo ~+ 120ay120 8 alo] aylz()
d&ylﬂ ~ ~ 171 1.
2T P — [271' 26(1y10 240[y120 2 a10:| aylo
~ RG flow of Yukawa couplings
% | Gyo = 0.038 AN IEe \\\\ ¥ / Gy — 6m / N -
i // '; ;/ / \ \ / 19; (aleyayIZO)
il e 7
| S \\\ [ / Z 0 A B C
R 010} At S S 010 / T~
S % T © \ \ // // \ o
005 i 0-05\§\ ¢/ y // L\ - Asymptotic freedom
% s ~ N\ A SN T . .
200k - « N A ), |, might be achieved
R — el NN N\ Tt for suitable size of
005/ \\ N Tr<s=—ee o005 /| / / /\\ \\\\\\\ // gauge couplings
: : : : 0.6 -0.2 0.0 0.2 0.4 0.6

24
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Explicitly running Yukawa couplings tfrom EW scale to UV

w: M5 » Mpsg > Mkxk ? Uuv
Yukawas : Yty Yb, Yr yl,y’pyls ylay,17y15 Y10, Y120

SM Y, Grhtg + v, Grhbe + v, [ty + k[ HATIC] + h . c. \ /

. B o B o
Patl'salam, 4D ylWLhIWR + WL(ylhl + y15h15)l//R + y4ysh2ﬂ/1R + EﬂMUSl/S +h.c.

w, ~ (4,1,2), yp ~ (4,1,2), vg ~ (1,1,1) hy ~ (1,2,2), hys ~ (15,2,2)

Pati-Salam, KK | +ysWHY] + YrHewg) + yeWHe, Vi + YrHerwp) + y10WH0W] + WrHrowg) +h.c.

. o B L _ .
SO(10), 5D Y10 V1610 Y16 + 120 V16120 Y 16 + V16PsH16 Y 16 + > PMPsts o(y—L)+h.c.

Ve =+ ¥g Yie =V, + i P ~ (4,1,2) ¢ ~ (4,2,1)

25



Explicitly running Yukawa couplings tfrom EW scale to UV

WU MZ > MPS ? MKK
Yukawas : Yty Yb, Yt Y1, ylla Y15

/

> Uuv
Y1, y'p Yis5 Y10, Y120

81 . 45

271' + 26&)}10 + 24&})120 — ?aél_ — ?(&QL + &ZR)] ~yl()

129 = 45

45 9 '

2C¥y1 +

[2ay1 +

27 + 10a59 + 120,159 — TOM — ?(%L T 5‘2R)] 2,120

3 5 9 31 45

10a,,; + an6 + 4, — 5 %y10 + e 5y — ?(azL + aZR)] a1

3

15 9 129 45
5“}76 + 12ay1/ + 7ay10 + Zay6/ — Ta4 — ?(azL + a2R)] ayl’

3 3 129 45

50% + 9,5 + an = T% — ?(a2L + a2R)] Ay15

26



Explicitly running Yukawa couplings tfrom EW scale to UV

I : Mz » Mps » Mxxk ? uv
Yukawas : Yts Yoy Yr ylayllayl5 yl,yi,yw Y10, Y120
\ /1

Yt = ylcu + y’ Cd’ | : ylscd
10 1C120 WE 120 >

Matching Yb = ylcd + 9] c10 - : ylSCd
10 1120 /3 120 >

ERVE!

Yr = 3/156110 T y’1061i20 9 y15061l20 ;




Explicitly running Yukawa couplings tfrom EW scale to UV

Mo MZ > MPS > MKK > uVv
. / /
Yukawas : Yty Yb, Yr Y1, Y1, Y15 Y1,Y1,Y15 Y10, Y120
1 1
iayla Zayﬁ — Oy10
Matching 1 1 1 1 in the UV limit,
5%1', gayw, gaylo, anG’ — Oly120 ;
Asymptotic unification?

1 1
iayla ZayG — Q10

11 1 1 at p = Mkk -

§ay1’7 gaylfn gayIOa anG’ — Oy120

Exact unification?

28



Explicitly running Yukawa couplings tfrom EW scale to UV

I : Mz » Mps » Mxxk ? uv
Yukawas : Yty Yb, Yt y17?/17?/15 yl,yi,yls Y10, Y120

i /24, o () = @, (050

)
Y
Syr = A

~/

ﬂy ~ (Cl&y — 62&10) &y

Y
—
<
)
||||II‘ ||||||II‘ ||||||II‘ ||||||II‘ ||||||II‘ ||||||II‘ ||||||II‘ ||||||II‘ ||||||II‘ [ TTTI

2 3 4 5 o0 7 8 9 10 11 12 13 14 15
10%10(,“/ GeV) %7

-
@)



Parameter space for asymptotically free Yukawa couplings

X120

yT(MKK) X 10_2

0.25

0.20

0.15

0.10

0.05

0.00

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.70 075 080 085 090 095 1.00

yb(MKK) X 10_2

y12O(MKK)

yV(MKK)

0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.34

060
0.58
0.56
0.54
0.52

0.36

0.38
yro(Mkk)

0.40

0.42

0.50

050

052

054

0.56

Yt (Mxx)

058

0.60
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Conclusion

R

.-’:. " !Q-‘( .

- GUT is a hot topic for its rich phenos, in particular facing to the future neutrino and GW
measurements. These studies focus at / below the GUT scale. Its UV behaviour has been
paid less attention.

- GUT also provides a plateau to discuss fundamental properties of QFT, Asymptotic GUT
(@GUT) is one of them.

~ We demonstrate that aGUT is realised in a 5D SO(10) with minimal and realistic field content.

~ 1010 GeV My ~ 10° GeV
5D SO(10) & o~ 4D Pati-Salam " =

- Gauge couplings are unified asymptotically in the deep UV regime.

- Yukawa couplings should be unified exactly at the KK scale. Their UV behaviour are very

model-dependent, with a realistic content: complex 10, real 120, and 16, asymptotic
freedom for Yukawa couplings are achieved in some parameter space.

- The rep 126 is not welcome in 5D SO(10) aGUT.

Thanks and questions ---
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