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Goal of the talk

Given the null result of BSM searches @ LHC

Minimal GUT with high-scale SUSY

Non-SUSY SO(10) GUTs

have been reconsidered.

These scenarios predict rich signals in future 
proton decay experiments.



Grand Unified Theories (GUTs)

Unification of quarks and leptons
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Coupling unification

g1(MGUT) = g2(MGUT) = g3(MGUT)
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+ Yukawa unification

Explain charge quantization, anomaly cancellation, etc.



SUSY GUTs
Supersymmetry (SUSY) and GUTs go well together.

Gauge hierarchy problem

Gauge coupling unification
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Problems in SUSY GUTs
Even before the LHC, some problems were know in SUSY GUTs.

SUSY flavor/CP problem
TeV-scale SUSY induces large FCNC processes and EDMs.

Meson oscillations EDMs

Proton decay problem N. Sakai and T. Yanagida, Nucl. Phys. B197, 533 (1982);

S. Weinberg, Phys. Rev. D26, 287 (1982).



Proton decay Problem in SUSY GUTs
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In SUSY GUTs, proton decay is induced by the exchange of

color-triplet Higgs field.

Higgs multiplet

Color-triplet Higgs MSSM Higgs

In the minimal SUSY GUT with

the TeV-scale SUSY, proton 

lifetime turns out to be too short.

H. Murayama and A. Pierce (2002).

Suppression mechanism?



Nucleon Decay
• Nucleon decay can occur via 

a direct transition from quark into  
lepton

• Forbidden in the Standard Model

• ➜ Clear evidence of beyond the 

standard model if it’s observed 

• Grand Unified Theory (GUT)

• Attempt to unify elementary particles 

(at 1015-16 GeV)

• → Imply nucleon decay

• Many GUT models and variety of 

predictions on nucleon lifetime, 
decay modes and branching ratio


• Nucleon decay search an unique prove 
for GUT and physics in very high energy

!3

なぜ核子崩壊？
• 標準理論では理解できない根源的な問い
• なぜクォークとレプトンが必要？ な
ぜ3つの力？SU(3)xSU(2)xU(1)？
• なぜQ電子＝3xQdクォーク？
• 素粒子と力の統一（大統一）が問いに答える可能性
• 大統一の間接的証拠
• 力の強さのO(1016)GeVでの一致
• ニュートリノの微小質量
• 核子崩壊実験の目的
• レプトン・ クォーク間の直接遷移を
見る→大統一の直接検証

• 新たなパラダイムの開拓を目指す
3

力と素粒子の
大統一？

μ(GeV)

弱い力

電磁気力

強い力 核子が崩壊する！
陽子

陽電子PositronPositron
p→e+π0 decay mode

Proton

10 114. Grand unified theories
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Figure 114.1: Running couplings in SM and MSSM using two-loop RG evolution.
The SUSY threshold at 2 TeV is clearly visible on the MSSM side. (We thank Ben
Allanach for providing the plots created using SOFTSUSY [62].)
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Variety of predictions 

From Tanaka-san’s slide



SUSY after the LHC
The LHC results, i.e.,

• Bound on SUSY particles

• 125 GeV Higgs mass

SUSY particles are heavier than expected.

Implications for GUTs?



GUTs after the LHC

Minimal SU(5) GUT with high-scale SUSY

Non-SUSY SO(10) GUTs

The following scenarios have been reconsidered.

• Gauge coupling unification maintained.

• Flavor/CP problems solved.

• 125 GeV Higgs boson obtained.

• Dark matter

• Gauge coupling unification.

• Right-handed neutrinos.

Implications for proton decay?• Intermediate scales.
K. Harigaya’s talk



Flavor/CP in high-scale SUSY 
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W. Altmannshofer, R. Harnik, J. Zupan (2013).

Limits from flavor physics/EDMs can be evaded for 
the multi-TeV scale SUSY.

125 GeV Higgs mass can be obtained.



Gauge coupling unification
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is maintained.



Proton decay in SUSY GUTs
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In SUSY GUTs, proton decay is induced by the exchange of

color-triplet Higgs field.

If the SUSY scale is high enough, the proton decay limit can

be evaded.

p → K+ν̄

J. Hisano, D. Kobayashi, T. Kuwahara, N. Nagata, JHEP 1307, 038 (2013).

τ(p → K+ν̄) > 8.2 × 1033 yrs H. Tanaka’s talk



Constrained MSSM (CMSSM)

Soft parameters at low energies are obtained

by using renormalization group equations.

Constrained MSSM (CMSSM)

• Traditional benchmark model

• Impose universality conditions at the GUT scale.

m0, m1/2, A0, tan β, sign(μ)

Input parameters



Proton decay in CMSSM
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J. Ellis, J. L. Evans, A. Mustafayev, N. Nagata, K. A. Olive, Eur. Phys. J. C76, 592 (2016).  

p → K+ν decay may be observed in future experiments.
Proton decay bound can be evaded.



High-scale SUSY GUTs
If SUSY scale is high,

Large flavor violation in sfermion mass matrices is 
allowed.

Various proton decay channels may be observed in future.

Minimal SUSY SU(5) can be consistent with the 
current proton decay bound.

No suppression mechanism.

Minimal SU(5) + Non-trivial flavor structure

in sfermion mass matrices



Sfermion flavor and proton decay
If there is flavor mixing among sfermions;

Various decay channels are allowed.
Gluino exchange becomes important.

u d
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Predictions for proton decay rates are significantly modified.



Sfermion flavor and proton decay
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p → K+ν̄ p → π0μ+
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Line width: uncertainty from GUT Yukawa phases.

N. Nagata and S. Shirai, JHEP 1403, 049 (2014).

Various decay channels become accessible. 

Proton decay rates are enhanced due to gluino contribution.

In the presence of sfermion mixing

m0 = 100 TeVMHC
= 1016 GeV tan β = 5



Sfermion flavor and proton decay
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N. Nagata and S. Shirai, JHEP 1403, 049 (2014).

Red: light gaugino
Green: heavy gaugino



Non-SUSY SO(10)
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Intermediate scale: Mint

Gauge coupling unification is realized with an 
intermediate gauge symmetry.

p → e+ π0 decay may be accessible. 
K. Harigaya’s talk



Summary

We revisited

Minimal SU(5) GUT with high-scale SUSY

Non-SUSY SO(10) GUTs

• No flavor violation: p → K+ν̄

• Sfermion flavor violation: various channels
p → π0μ+e.g.

p → π0e+

Future proton decay experiments can test 
these scenarios.



Backup



Discrete symmetry in SO(10)
In SO(10) GUTs, the extra U(1) is broken at Mint

By appropriately choosing the intermediate Higgs field, we can obtain

GSM × ZNSO(10) Gint

Group analysis

Higgs 126 672
Symmetr

y
Z2 Z3

…

…

Equivalent to “matter parity”

SO(10) contains U(1)B-L

SO(10) can explain the stability of DM!
M. Kadastik, K. Kannike and M. Raidal (2009)


M. Frigerio and T. Hambye (2009)

M. De Montigny and M. Masip (1994)

If we focus on rather small representations, Z2 is the only possibility.



Roles of 126
Breaks SO(10) into SM + matter parity at Mint

• SM fermion: Z2-odd

• SM Higgs: Z2-even

• Scalar DM: Z2-odd

• Fermion DM: Z2-even

Generate masses for right-handed neutrinos of O(Mint).

126・16・16
B-L is spontaneously broken.



High-scale SUSY L. J. Hall, Y. Nomura, S. Shirai (2012)

M. Ibe, S. Matsumoto, T. T. Yanagida (2012)


A. Arvanitaki, N. Craig, S. Dimopoulos, G. Villadoro (2012)

N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner, and T. Zorawski (2012) 

Gravi!no Scalar Par!cles Higgsinos

Gauginos

O(10      ) TeV

O(1) TeV

Gluino

Bino

Wino

(2-5)

Gaugino masses are induced at loop level.

L. Randall and R. Sundrum (1998)

G. F. Giudice, M. A. Luty, H. Murayama, and R. Rattazzi (1998) 

Higgsinos can be light if 

there is an additional symmetry.

Suppose that the SUSY-breaking field is not a singlet:

e.g.) Anomaly mediation



High-scale SUSY L. J. Hall, Y. Nomura, S. Shirai (2012)

M. Ibe, S. Matsumoto, T. T. Yanagida (2012)


A. Arvanitaki, N. Craig, S. Dimopoulos, G. Villadoro (2012)

N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner, and T. Zorawski (2012) 
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M. Ibe, S. Matsumoto, T. T. Yanagida (2012).

mh = 125 GeV

Suppose that the SUSY-breaking field is not a singlet:

High SUSY-breaking scale.
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Dark matter candidates in this setup.

Suppose that the SUSY-breaking field is not a singlet:

Higgsinos can be light if 

there is an additional symmetry.



An example
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Parameter space in SU(5) SuperGUT PGM.

Gaugino mass contribution

Anomaly mediation
+ GUT threshold corrections.
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Wino DM Bino-wino coannihilation

Bino-gluino coannihilation
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Sfermion flavor and proton decay
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