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SU(3) GUT

* SU(9) gauge symmetry
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SU(3) GUT

* MSSM Higgs: embedded in 5 and 5 in SU(%) theory

e : ¢ -
= ( o ) B ¢ ( Ij ) ¢, ¢, colored Higgs —> need to be heavy
- H , H,: MSSM Higas —> need to be light

* Superpotential W > A(H®H + MHH)

- VEV of © = 24 breaks SU(%) into the SM

| 3 3 Doublet-triplet splitting problem
. < ® > =diag(b, b, b, — Eb’ — Eb)

| 3
- Wer = b+ M)CZy+ A=5b + MOHH,

3
. Eb = M by hand —> fine-tuning problem
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Nambu-goldstone Higgs

* SU(6) global symmetry (Higgs sector)
* MSSM Higas: in the adjoint rep. of the SU(6)

5 3 I 3 I 2
Whiges(2) = gxlTrZ 1x EM TrX

* SU(H) representations

*2_ —55/\@ f_f/\/i
i ( H/vV2 Sl5/v/60+ % )

G e 1 e 1 1 i 1 1
* Wiioe(2) = =ATr(Z’) + —AHZH + —MTr(X*) + —MHH 183 ASHH - ISTr(E9) + =MS°
3 2 2 2 3v/15 V15 \/ 60 -

* Relations among the couplings (compared to the usual SU(9) GUT)
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Symwmetry breaking

* Symwmetry breaking
* Global SU(6) —> SU(4)xSU(2)xU(1)
* Gauged SU(%) —> SU(2)xSU(2)xU(1)

Xk X X

2 G B

A\

* (3)=V-diag(1,1,1,1,-2,-2), V=M/)| B B

* 35— (154+3+ 1) =16 NG bosons
(24 — (8 + 3 + 1) = 12 are absorbed by the
massive gavge bosons.)

* Goldstone wodes:
(3.2)+ (3.2) +(1.2) + (1,2)>

....
-
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Symwmetry breaking

* Symwmetry breaking
* Global SU(6) —> SU(4)xSU(2)xU(1)

* Gauged SU(%) —> SU(2)xSU(2)xU(1)

Xk X

2 e X

* (3 =V-diag(l,1,1,1,-2,-2), V=M/) @ X

* 35— (154+3+ 1) =16 NG bosons
(24 — (8 + 3 + 1) = 12 are absorbed by the
massive gavge bosons.)

* Goldstone wodes:
(32 +G2)+12)+1.2D

....
-
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Mass spectrum

* The mass spectrum

* Higgs fields

A\

i il 3

* MSSM Higgs
* M, = 0 massless to all order (non-renormalization theorem)

* SU(6)-breaking interactions & soft SUSY breaking—> radiative EW-symmetry
breaking at low energies —> Higgs mass

* The doublet-triplet splitting problewm is solved.

* QU(5) gauge bosons M, = 31/2g:V
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2. Matching conditions



GUT scale matching conditions

* (Coupling unification
* GUT-scale particles: affect gauge couplings via threshold corrections

* The one-loop threshold corrections at O near the GUT scale

* : = ; | : [2 In o 101n &]
g Q) 8XQp) 8|5 My, My

* 1 — 1 | 1 [2 In 6 6 In &]
822(QG) 852(QG) | 872 My My

S g [ln il vt 4In&]
eXQs) &XQg) 87| My =~ My My

* |n terms of gauge coupling constants at the GUT scale
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GUT scale matching conditions

* ) > +/4z non-perturbative
* ) increases as (a; '(Qp) — a5 '(Qy)) gets larger.

* a,(Qp) = a3(Q,) is favored.
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Running Couplings

* The dependence on the low-energy SUSY spectrum

* Approximate relation (one-loop):
1 1 5 12 ] 1

(00 a0  Tamy) T a(my) asmy)

* The perturbativity condition
* Upper limit on m;, m= and m,
* Lower limit on m;

* We use two-loop RGEs and one-loop threshold corrections in numerical computation
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Constrained MSSM

* Scalar masses m,, gaugino masses m, , , A-parameters A, , ratio tan g = v /v, and sgn(u)

* Benchmark points LEllis, J., Evans, L., Nagata, N. Et al. Supersymwmetric proton decay
revisited. Eur. Phys. J. 080, 332 (2020).]

* Give the correct Higgs mass and dark matter abundance

* Caseli) my=141TeV, m;,=98TeV, Ay=-3m,, tanf=5, u>0.

# a,=0036, 1=87, M;=48x10PGeV, M, =22x10°GeV .

* Caseliil my=279TeV, m,,=95TeV, Ay=0, tanf=4, u>0.
*-a5=0037, A=27, My=76x10"GeV, My =11x10"GeV.

* Perturbative 2 —> M;; < 101 GeV: too low to evade the p — K*i proton-decay limit if

SUSY particles lie around M,y ~ 0(10) TeV
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High scale SUSY

* Minimal SUSY SU(%) with low-scale SUSY-breaking: rapid proton-decay
problem

* High-scale SUSY
* A SUSY-breaking scale of ©(1) PeV
* No gauge-singlet SUSY-breaking field in the hidden sector
* Gravity mediation
* Soft masses of SUSY particles ©(m,),) (gravitino mass)

* Gaugino mass: generated only radiatively
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High scale SUSY

* Purple region: LHC limit 10° ———r— 2
& :
%k Ked li"e: Qth — QDMhZ 6 x 104 ;/ :
* Perturbative region Saxiotf S
>, 3x10% F i
* My < My 3 / i
2 x 104 [ Q" 10;

* My <10 GeVv / / | M, <660 GeV

| A>Van
: i 7,(m%) < 2.4 x 1034 yrs
* A small wino mass 1, and 100 bt e L -
a large gluino mass M, M, [GeV]
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High scale SUSY

T(p—>K+ + V) [years]

Proton decay 10°

* 7(p - K'D) > 6.6 X 107 years

“‘
.

* 7(p — etn’) > 2.4 x 10°* years

M5 [GeV]

_M < GeV
Tp K+ <66x 1033 yrs

* Lower bound for A7,
Tp(rrO <2.4x103* yrs -

3% MSUSY ~ @(1) PeV iS ‘— / .

__X

favored. 103 10
M- [GeV]
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4. Sumwmary



Sumwmary

* NG Higgs SUSY GUT : a solution to the doublet-triplet splitting problem (NG boson —>
naturally light)

* |n the minimal NG Higgs SUSY SU(9) GUT

* The global symmetry —> non-trivial relations among the GUT parameters, and restricts the
SUSY particle masses through the RGEs

* The perturbativity condition suggests a,(Q,) > (0,
* My < My
* A small wino mass ( < 6(1) TeV) and a relatively large gluino mass ( > 6(1) — 6(100) TeV)

* High-scale SUSY scenario with M, ~ O(1) PeV is favored.

* Proton decay rates for (p — K*0) and (p — e*z"): sizable —> probed by future experiments
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* Spontaneous symwmetry breaking

* Broken symwmetry —> Nambu-goldstone boson

kK

3k

3k

3k

3k

Quasi-goldstone bosons from the SSB of an approximate global sim.

W = Wiiges2) + WE, f)

Wiiees(X): inVariant under a global syw. group G,

Hlac e Hgl M GZOC

Goldstone 2 ~ [adj(G,) — adj(H,)| — [adi(G,,.) — adj(H,,,)]

* H, .=S5UQ3B)XSUQR2)X U(1)
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Global and Local Symwetry Breaking

* Properties of P
* Vector-like

* Qnly singlets or doublets under SU(2), and singlets or
triplets under SU(3)

* For G,.=SO(10),P> T
* T and D : not from the same multiplet
* Doublet-triplet splitting
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Global and Local Symwetry Breaking

) TABLE 1
Content of the P supermultiplet under SU(3)® SU(2) ® U(1)

-c>‘

Gloc Ggl Hgl
A SU(5) SU(6) SU@4) @ SU(2) @ U(1) D
B SU(5) SU(6) SUB)® SUQ) e U(1) DeTa®S
C SO(10) SO(11) SU3)® SUQ)® U(1) Da T
D SO(10) SO(12) SUM4) e SU(2) @ U(1) DaT
E SO(10) SO(12) SU3)® SU(2)® U(1) 2D 2T® S
F SO(10) E, SU3)® SU(2)® U(1) 2De2TeSe

]A) = (1, 2)1/2®(13 2)— /2 ’i‘ = (31 1)_]/3®(§’ 1)]/39 § = (1, 1)03 é =(3’ 2)1/69(3’ 2)._]/6-
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Global and Local Symwetry Breaking

) TABLE 1
Content of the P supermultiplet under SU(3)® SU(2)® U(1)

H

gl

P
' suG) TSUQR) @ SUQ)® U(l y Det
SOU10) __soUn).....__SURSUQeUl)  DeT
D soU0) SO - SU@®SUR) oUW  bel >
E sO(10)  SO(12)  SsU@®eSu@eU(l)  2De2TeS
F SO(10) E, SU3)® SU(2)® U(1) 2De2TeSe

f) = (lo 2)1/2®(13 2)— ]/2’ ’i‘ =(3s 1)_]/3®(§a 1)1/39 § = (13 1)03 é =(3’ 2)1/6®(§, 2)._]/6-
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Nambu-Goldstone mulplets

* SSB of the potential —> goldstone boson
* SSB of the superpotential —> goldstone superfields
* Qur model:

* 1 goldstone boson

* 1 quasi-goldstone boson

* 2 quasi-goldstone fermions
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Coupling Constants

* The scale O such that g,(0.) = 2,(0.)

*a(Q)—Bl 14 11 ]‘1
i 0(Qc)  3(Qg)

- wmafE{- )
i = 6 (0g) x3(0g)

R )
= 6 N a0) al0g)

M Ir 1 I
. He | el
=2l =2 ansew| 3 om - oo )|

* The NG Higgs GUT is more restrictive than the usual SU(%) (sharper predictions for
proton decay)
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Mgyoy = 1000 TeV
Purple region: LHC limit
Red line: Qwh” = Q0"
Perturbative region
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