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Grand unification

¥ The apparently complex structure of quarks and leptons
are simplified

¥ Actually; gauge Couphngs roughly unify in the SM

'. Standard Model
400F (1), _

- SU(2)

104 107 10 103 10®
ul GeV



Miracle of SUSY GU'T

After precise measurements of gauge couplings by LEP,
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Higgs Panty GU'T



An SO<10> GUT Hall, KH (2018)
SO(10)  gtmde=16

v

SU(B)C X SU(Q)L X SU(Q)R X U(l)B_L

Left-right symmetry ~— Higgs parity
q < (u,d) HI;HHRl
{ (¢ N) SESFL

(Hgr) # 0 Hy. Hp C 16

SU(3). x SU(2)r xU(l)y



Prediction on <Hg>

Hall, KH (2018)
V(Hr,Hg) = MN|HL|* + |Hg|?)? + N|HL|?|Hg|* — m*(|HL|® + |Hg|?)

No Wr boson observed (Hg) = vg > vgw
2

m
VR = v Hy Ho
Effective theory below vgr * /)\ H ‘4 X%
/ L HL
Verr = Nvp|HL[* — X (1+ )| Hy [
N« 1
ASM(UR):O

(up to threshold corrections)



Higgs quartic coupling A
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pseudo-NGB Higgs

Hall, KH (2018)
V(Hr,Hg) = MN|HL|® + |Hr|?)” + NTHTRHER|® — m*(|HL|® + |Hr|?)

Accidentally U(4) symmetric 4= (Hyp, Hg)

U(4) - U(3) by Hg

16 -9=7=4+3

/ \W’, Z

SM Higgs is a pseudo Nambu-Goldstone boson
)\SM (U R) =0



Coupling unification
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Coupling unification
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Intermediate Pati-Salam

SO(10)

Hall, KH (2018)




Couphng Unification

Hall, KH (2018)
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Coupling Unification

Hall, KH (2018)

D422=5
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Yukawa couplings

SU(Q)L X SU(Q)R

Hp(2,1), Hr(1,2),q(2,1),q4(1,2) = (u, d)

Cij L
I HrHrq;q g
X X: 45 or 54 for up

/ \ 10 for down and electron

Hall, KH (2018)



Strong CP problem

* Strong CP problem may be solved by a space-time parity

Beg and Tsao, Mohapatra and Senjanovic (1978)

2 GG

3272

* H(2,1) and H(1,2) actually solve the problem
Babu and Mohapartra (1989)

C;q B .
MJHLHRC]iC]j q(t,z) < q (T, —x)

¢ = c', arg(detlc]) = 0

* SO(10) embedding is possible  Hall, KH Go18)



Loop correction to 6

Hall, KH (2018)

H H'™

i |
| |
Y }
q X q" x| q’
N | |

50 ~ 10—11 33(9%3
Vi

Suppressed by loop factors, flavor mixing

H < 10~ 12  in near future



Summary

1803.08119

¥ New scheme of the coupling unification is proposed
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Summary

Minimal S17(5)

| STUSY SO(10) !

S ' Frejus
c : |
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Hgure from Hypers  praton lifetime (p=>e*n°)

See Natsumi Nagata on 4/12

4 J Non-SUSY SO(10)
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Summary

Minimal $1(5)

| STUSY SO(10) !

: J Non-SUSY SO(10)

422: m:t < 172 GeV required Higgs p%lrity SO(10)

:—-’CU - Frejus E ; 32;'21
Q I
E =
:.J- 'é K amlokénnde
Ml -
1030 1031 1032 1033 1034 1035 1036
Figure from Hyper-K

© rom 1 Proton lifetime (p—=2e*n?)



Discussion
What colliders can do

¥ Searches for new particles
¥ Searches for deviation from SM

* Precise measurement of SM parameters



Discussion
What colliders can do

* Searches for new particles e.g. resonance searches
* Searches for deviation from SM

* Precise measurement of SM parameters

T —
ATLAS 1

kg

Events - Fittad



Discussion
What colliders can do

¥ Searches for new particles

¥ Searches for deviation from SM  e.g. higgs signal strength

BTV L<518 1s=BTeV L<198R

CMS Proimnary m_ « 125.7 GeV

* Precise measurement of SM parameters .wwing oo

-
H - bb (# tag)
H - vy (untagged) -
H - yy (VBF tag) . a
H - vy (V¥ tag) —
H-» WW (01 jet} -
H -+ WW (VEF tag) ——
H —» WW (VH tag) ———
H = o [O01 et R =
H —+ 1t (VBF tag) -
H - 11 (VH tag) .
H— ZZ (V1 jet) -
HaZZ(2jels)| -
4 2 0 _ T

2
Bestft ala,,



Discussion
What colliders can do

¥ Searches for new particles
¥ Searches for deviation from SM

¥ Precise measurement of SM parameters 1My, g3, etc.
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Discussion
What colliders can do

¥ Searches for new particles
* Searches for deviation from SM

* Precise measurement of SM parameters  my, g3, etc.

How do the measurements impact new physics models?

We can enhance the potential of future colliders
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Fine-tuning
VH,H') = MH + |H'[?)? + X|HP [ = m?(H? + |5

2 2 2
UVrEw m UVpw

X ~J
m?2 A2 A2

cut cut

m? < Acut?

2

)\/_ /__’U
— O__—2

T

Same as that of SM
(with a UV mass scale e.g. the GUT scale)



MXY | GeV

C()uphng unification

Hall, KH in prep.

X5, breaking by 454
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Top-down perspective

SUSY GUT
l 4 parameters
gi, g2, gs, VEw

(or more, e.g. Opm)

3 parameters

gaut, MguT, msusy

Similar structures

' 5 parameters
dgi, 92, 93, Y, )\higgs

Higgs parity GUT

4 parameters

/
gGcuT, MGUT7 v, Yt
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Coupling unification

E_ X5, breaking by 454
- Xt=Yt
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Yukawa couplings ..

X
Small enough not to blow up the gauge coupling / \
SU3)c|SU(2),|SU2)r|U(1) ||SU(4) SO(10) coupling
up 3 1 1 2/3 15 XqH' + X¢H'
3 2 2 |-1/3]| 6/10 || 4 XqH'' 4+ X¢ H!
down 3 1 1 |-1/3|6/10 ’126/120 XqH + Xq'H'
3 2 2 2/3 || 15 120,126 XqH' + X¢'H
electron 1 1 1 -1 10 X/H + XV'H'
1 2 2 0 ||1/15 (/1@120/120 126 | X¢H' + XV'H
neutrino|| 1 1 1 0 ||1/15 ,210/45,210|| X (¢H' + ('H'T)
1 2 2 —1 1 10 210 X/H'N + XV HT
1 3 1 0 1 45 X/(HT
1 1 3 0 1 45 X/ HN




Embedding into SO(10)

q(t,z) < ¢'(t,x) q(t,z) > ioaq*(t, —x)
Part of SO(10) CP

I~

q(t, 1) < ioaq *(t, —)

SO(10) x CP 23 SU(3) x SU(2)1, x SU(2)r x U(1)g_1 X PLr



CKM phase

SO(lO)XOP — SU(S)XSU(Q)LXSU(Z)RXU(l)B_LXPLR

Real yukawas, without CP symmetry breaking...
A simple renormalizable example to obtain CP phases

L = (Mij + i)\ij¢45) X10,iX10,5

X

Cij / /
MHH 4i4;

* *
* >
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* *
* *
* *

* *

* >
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* *

* >
* *

*, *



Anthropic principle?

V = Aeum|H| —@H|2

Might be requirement for us to emerge,
rather than a prediction of a theory

e.g. Agrawal, Barr, Donoghue and Seckel (1998)
Hall, Pinner, Ruderman (2014)

The electroweak scale may not be a guiding principle
to look for new physics



Stability of nuclei

Plot from Hall, Pinner, Ruderman (2014)
20

10

my [MeV]




Correction to the gauge coupling
unification by high dimensional operator

SO(10) 2% SU(3) x SU(2), x SU(2)r x U(1)p_1 x CrR

210abcd
M,

2T
FioFyS A (Z) <10

SO(lO)XCP % SU(S)XSU(Q)LXSU(Z)RXU(l)B_LXPLR

45a¢ 45bd
M, M,

2T
Fio Fig A (g) N



Correction to the gauge coupling
unification by high dimensional operator

SO(10) 2% SU(4) x SU(2)., x SU(2)g x CrR

54ab
M,

2T
Ffochg A (E) f,l

SO(10) x CP 2% SU(4) x SU(2), x SU(2)r X PLp

210 210 9
Fia F 8
M, M, 010 A (g) <1



