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Coupling Unification and Dark Matter
in a small extension of the Standard Model



SM is being completed

The mass of the Higgs is around 125GeV !
[CMS:HIG-14-009]
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Both the ATLAS and the CMS discovered a new boson with mass around
125-126 GeV compatible with the SM Higgs boson!

[ATLAS:Phys.Lett.B716(2012)1, CMS:Phys.Lett.B716(2012)30]

The SM has been completed !




How about New Physics @ Collider Experiments?

No signals so far ... (ex. Supersymmetry)

ATLAS SUSY Searches™ - 95% CL Lower Limits ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model ety Jets ETS [Laqm™) Mass limit Reference
MSUGRA/CMSSM 0 26@s  Yes 203 |4k 1.7TeV  miy)emiz) 1405.7875
MSUGRA/CMSSM Ve 36jpts  Yes 203 |R 1.2 TeV any mig) ATLAS.CONF.2013.062
F MSUGRA/CMSSM 0 710jets  Yes 203 |R 1.1 Tev any mi3) 1308.1841
B 0, g-gly 0 26@s  Yes 203 |4 850 GeV i) )0 GoV. m{1* gon. Qlem(2™ pon. ) 1405.7875
8 i, .é—*qf;f‘u' 0 260ts  Yes 203 R 1.33TeV i) =0 GoV 1405, 7875
] ! &2, e—owl |~y f 1ep I6jets  Yes 203 |R 1.18 TeV miE})<200GeV, m(t " 0.5(m(T;)semii)) ATLAS-CONF-2013-062
D g £t )ty )Ry 2e.p 0-3 jets - 203 |# 1.12 TeV mif))=0GeV ATLAS.CONF. 2013089
2 anss (¢ NLSP) 20 24pets  Yes 47 e e tang<15 1208 4688
@ | GMSB(/NLSP) 1274017 02jets  Yes 203 |R 16TeV 1y 20 1407.0603
5 | GGM (bino NLSP) 2y - Yos 203 |& 1.28 TeV mii)>50 GeV ATLAS.CONF-2014.001
£ GGM (wino NLSP) Tepsy Yeos 4.8 i} )>50 GV ATLAS.CONF.2012.144
b GGM (higgsino-bino NLSP) Y 1b Yes 48 mik) ) >220GeV 12111167
GGM (higgsine NLSP) 2e.ulZ) 03@s  Yos 58 mNLSP)>200 GeV ATLAS.CONF.2012.152
Geavilino LSP 0 mono<jet  Yes 10.5 miC)>107" oV ATLAS-CONF-2012-147
Hu]i‘.' 0 3b Yes 201 |# 1.25 TeV mik] <400 GoV 1407.0600
o ) 0 70 ts  Yes 203 |® 1.1 TeV mif)) <350 GeV 1308.1841
Fenik, O-1ep 3k Yes 201 F 1.34 TeV mif)) <400 GeV 1407.0600
F—bit) 0-1ep <1 Yos 201 |R 1.3 TeV mit| <300 GeV 1407.0600
byby, by bt 0 2b Yes 201 |5, 100-620 GeV mii))<90 GeV 1908.2631
biby, by ik} 2e.0(SS) o030 Yes 203 |B, 275-440 GeV mif] )2 mit)) 1404.2500
77 (hght), 7, —sbi; 126, 12b  Yes 47 |& 1oAsrGa i )«55 GeV 120€.4305, 1209.2102
m.(lgm) ] —oum. 2ep 0-2jets  Yes 203 i 130-210 GeV mik}) wmif, ) m{W)S0 GeV, mif, Jc<mit}) 1403.4853
1) (medium), 7y i .’ 2o 2 jets Yes 203 |7 215-530 GeV mif] =1 GoV 1403.4853
iy 7 (medium), 7 _.m N 0 2b Yes 201 i 150-580 GeV (]| <200 GoV, m(i ] pm(i) )5 GaV 1308.2631
i17) (heavy), 7 “‘"6 Tep 1k Yes 20 |4 210-640 GeV mit! w0 GeV 1407.0583
i1 (heavy), iy —it; 0 2h Yes 201 A 260-640 GeV mit =0 GeV 1405.1122
i), =t 0 monojeticlag Yes 203 | 90-240 GeV li) (i) ) <B5GeV 1407.0608
717y (natural GMSB) 2e.u(Z) 16 Yes 203 |7 150-580 GeV mit))>150GeV 1403.5222
iafs, Iy + Z Sepui?) 14 Yes 203 is 290-600 GeV mit| <200 GeV 14035222
fiplig, I=tX) 2e.p 0 Yes 203 |7 90-325 GeV mi) w0 GeV 14035294
N | =D 26 0 Yes 203 |4& ; 140-465 GeV i )=0 GoV. miZ, 9)=0.5m(E] Jomif])) 14035294
i ;‘l ¥| —3v(r¥) 2r Yes 203 X 100-350 GeV £ w0 GoV, m{2, #1)w0.5(m{E] Jemit})) 1407.0350
E FE =i ni. (m. ol Livv) Jep 0 Yes 203 k*.l" 700 GeV miE] JemiEs ), m(E})w0, i, He0.5(m(T} Jem(i)) 1402.7029
t 753—0“ ‘b”h 23ep 0 Yos 203 i“.f‘ 420 GeV ik} Jemif3). m(T])=0. sleplons decouplod |  1403.5294, 1402 7029
iéi‘&—owi.h i Tep 2b Yes 203 R"J! 285 GeV k] Jem(2), m(T])e0, sheplons decoupied | ATLAS-CONF-2013-083
¥k, 73 =gl dep 0 Yos 203 i‘,, 620 GeV miE2pem(E5), i |w0, mif, #)e0.S(m(Es ) +mik})) 1405.5086
Direct {1 ¥, prod., longlived ¥;  Disapp.trk  1jet  Yes 203 |&§ 270 GeV (] )-m(T7)=160 MV, 7(F])=0.2 ns ATLAS-CONF 2013069
Stable, siopped § nMron 0 1-5pts Yos 279 |R 632 GeV mit))=100 GeV, 10 ys<r(#)<1000 = 1310.6584
GMSS8, slnblo t, e, fparie.p) 1-2p - - 159 10<tang<50 ATLAS-CONF.2013.058
GMSB 11—0)6 W'M‘| 2y - Yes 4.7 04l )2 e 13046310
@9, ¥y —qau (RPV) 1 p, digpl. vix . 203 |4 1.0 TeV 1.5 <er<156 mm, BRI )1, m(i})=108GeV | ATLAS-CONF-2013092
LFV ppesiv, ¢ X, ¥yve 4 2e,p - 46 1,010, A,,:=0.05 12121272
LFV pp—¥, + X.¥,—ve(u) + 17 leusr . 46 £ #0.10, dy3y00#0.05 12121272
>  Bilincar RPY CMSSM 2e.0(S5) o0ab Yos 203 |4.% 1.35 TeV mldeen(d), crpgp<t mm 1404.2500
& ¥ ;i 1y i; —0“"‘:_ l.”—afn"“,rpfr, 4o, - Yeos 203 P 750 GeV m;i‘.'|>02-cm;i.’p_ A 20 14055086
B A —WE E i erd,  Jeaper : Yes 203 i’!’ 450 GeV miE) >0.2xmik] ), 4,1,90 1405.5086
By 0 6-7 jets - 203 I 3 916 GeV BRY)«BR{b) BRI |w0% ATLAS.CONF.2013.091
F=iyt, Fy—bs 2¢,0(S5) oab Yes 203 |® 850 GeV 1404.250
Scalar gluon palr, SN~ 0 4 jots . 46 sghucn 100287 GeV incd. limit from 1110.2693 1210.4826
Scalar gluon pair, sglkion i 2 r,;: (SS) 2b Yes 143 | sghon . 350-800 GeV ATLAS-CONF-2013051
WIMP interaction (D5, Dirac y) mono-jel  Yes 105 miy <80 GoV. limit cf<687 GeV for D8 ATLAS-CONF-2012-147
A A l A A A A A A A A l A A A A A A A
l = O Tev 10! 1
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‘Only a selection of the available mass limils on new slates or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncerlainty



Other Indications ?

CMB B-mode detection by the BICEP2 = r~0.2?
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If this is correct, it indicates the energy scale during inflation !
V~(2x1076GeV )40.2/r)

This result also suggests a very special type of inflation
Chaotic Inflation !



Multipole

Other Indications ?

CMB B-mode detection by the BICEP2 = r~0.2?
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We were inspired a lot and our group produced

more than 30 papers in 10 months !




Other Indications ?
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CMB B-mode detection by the BICEP2 = r~0.2?
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Planck experiments showed that the foreground
contribution seems larger than expected...

— We need to wait for the results of the joint analysis. ..



Guiding Principles for Beyond the Standard Model ?

Ground Unification

« Standard Model = Unified theory of
electromagnetic and weak interaction.

v Three gauge coupling constants unify at high
energy rather well.

Dark Matter

+ Rotational curve of the galaxies
+ G@Gravitational Lensing

+ CMB, Large Scale Structure



Guiding Principles for Beyond the Standard Model ?

Very Good Example = Supersymmetry

Supersymmetric
o, Standard Model

> 4 6 8 10 12 14 16 18
Log, (Q/1 GeV)

Better Unification & LSP dark matter



Guiding Principles for Beyond the Standard Model ?

However, to achieve unification and dark
matter, we do not need a gorgeous symmetry

For unification (with long enough proton lifetime) :

+ We need colored and SU(2) charged matter to
bend the running of coupling.

The running of a:"' only bends
downwards

Long lifetime of proton requires to

tandard Model @ bend both SU(2) and SU(3) running.

Loglu/GeV]



Guiding Principles for Beyond the Standard Model ?

However, to achieve unification and dark
matter, we do not need a gorgeous symmetry

For unification (with long enough proton lifetime) :

+ We need colored and SU(2) charged matter to
bend the running of coupling.

For dark matter
+ We need a stable neutral particle .

What is the minimal choice ?

Majora adjoint fermions !

[SU(2) triplet (e.g. Z, W-boson) , SU(3) octet (e.g. gluon) |




Majorana Fermion Extension

Triplet Fermion Mass

We can predict mass ranges from better unification !
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Octet Fermion Mass

' In this range, the couplings
unify as good as in the MSSM!

Triplet: 102 - 104 GeV
Octet: 1078 x Triplet Mass

y The model predicts a rather
low GUT scale!



Majorana Fermion Extension

(Qh2

Triplet Mass : 10? - 104 GeV'!

Thermal Wino Dark Matter

o8 « Triplet Fermion includes
@ Neutral Component
0.2/ 0%
& — Good Dark Matter

0.1} Candidate!

0 If it is produced thermally

['07 Hisano, Matsumoto, Nagai, Saito, Senarmi] — TripIEt MGSS — 3TeV.'

Can the lighter triplet be a good DM candidate ?



Majorana Fermion Extension

The triplet Dark Matter can be provided by the decay
of the Octet Fermion!

Late time decay of Octet — Triplet + a quark pair!

4.0

3.5

2.5

Good Unification

The non-thermal triplet
abundance is independent of the
octet fermion abundance.

6 8 10 12 14 16



Majorana Fermion Extension

Prediction on the Proton Decay
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Most Parameter space has been excluded by the SK'!
With the HK, this model can be fully tested !



Majorana Fermion Extension

LHC triplet search : lower limit 270GeV
Future LHC could reach to 500GeV
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Most promising in foreseeable future!
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Summary

After the success of the Standard Model (i.e. the
unified theory of the electromagnetic and weak
interaction), it is worthy to reappraise the long-
standing idea, the Grand Unification.

In particular, it is one of the good strategy to start
from the minimal possibilities.

The Majorana extension is one of the minimal
possibilities.

Can be tested via the proton decay, the LHC search,
the Dark Matter direct and indirect searches !



