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Introduction

Motivation: baryon (and lepton) number

A (biased) overview of proton decay:

(1) Experiment: bounds and prospects

(2) Calculating the decay rate

(3) Embedding into a GUT framework

(4) Uncertainties in the decay rate prediction

Note: references are in grey, clickable links are in purple.
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0 / 19 Vasja Susič (LNF, INFN) Theory of baryon number violation



Motivation — Theoretical

Standard Model (SM): SU(3)C × SU(2)L ×U(1)Y
Fermions: 3 families of

Q ∼ (3, 2,+ 1
6 ), uc ∼ (3̄, 1,− 2

3 ), dc ∼ (3̄, 1,+ 1
3 ), (1)

L ∼ (1, 2,− 1
2 ), ec ∼ (1, 1,+1). (2)

Scalars: H ∼ (1, 2,+ 1
2 ).

19 real parameters: (g)3×, (mf )9×, (CKM)4×, mH , λ, θQCD

Consider SM Yukawa sector:

LY = Yu Qu
cH + Yd Qd

cH∗ + Ye Le
cH∗ + h.c. (3)

Phase redefinitions: 5 fermion irreps, 3 terms (and irrep H, U(1)Y ) . . .

SM preserves 2 (flavor universal) global U(1) charges

(1) Baryon number B: [Q]B = + 1
3 , [uc]B = − 1

3 , [dc]B = − 1
3

(2) Lepton number L: [L]L = +1, [ec]L = −1
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Motivation — Theoretical

At low energies: quarks q confined in hadrons, but B still preserved

[qqq]B = +1, [q̄q̄q̄]B = −1, [qq̄]B = 0. (4)

→ Proton (lightest baryon) is stable (modulo /B instantons in SM)

At high energies much above the electro-weak scale (E �MEW):

Global symmetries (B,L) expected to be eventually broken
(by gravity at MPl if nothing else)

Non-renormalizable operators in SM effective theory (SMEFT):

d = 5: κIJ

Λ LILJH
2 /L neutrino masses (beyond SM!)

Λ ' 1014 GeV for κ = O(1)

d = 6: C
Λ2 qqql (multiple) /B, /L induce proton decay

not observed (yet?)
preserve B − L
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Motivation — Theoretical

/B and /L operators in SMEFT more generally: credit: [1]

∆B

∆L

∆(
B
+

L)
/2

∆(B
−

L)/2

0ν2β0ν2β 0ν4β0ν4β

nn → ππ

p → e+π0n → e−π+

pp → e+e+nn → νν

p → e+ν̄ν̄n → 3ν

nn → 4ν̄nn → 4ν

Instantonnn → n̄ν̄nn → n̄ν3n → 3ν

d ≥ 5 d ≥ 5 d ≥ 10

d ≥ 15

d ≥ 9

d ≥ 12

d ≥ 15 d ≥ 18d ≥ 16d ≥ 19

d ≥ 12d ≥ 15

d ≥ 10

d ≥ 7d ≥ 10

d ≥ 9

d ≥ 6
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Motivation — Experimental

Experimental search for /B:

decay of p or n (in a nucleus)

baryon→ meson + anti-lepton

Extreme experimental sensitivity to
super-high energies: for C = O(1)

τp & 1034 y → Λ & 4 · 1015 GeV

For intuition:

→ Observe 1 proton for 10N years
↔ observe 10N protons for 1 year

→ 1 kg ∼ 6 · 1026 p (Avogadro)

→ 1 kt ∼ 6 · 1032 p ∼ (10 m)3 water

q

/Bq

q q

q̄

l̄

The 22.5 kt tank of Super-K [flickr]
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4 / 19 Vasja Susič (LNF, INFN) Theory of baryon number violation

https://www.flickr.com/photos/nvslive/45263199324


Motivation — Experimental

Experimental search for /B:

decay of p or n (in a nucleus)

baryon→ meson + anti-lepton

Extreme experimental sensitivity to
super-high energies: for C = O(1)

τp & 1034 y → Λ & 4 · 1015 GeV

For intuition:

→ Observe 1 proton for 10N years
↔ observe 10N protons for 1 year

→ 1 kg ∼ 6 · 1026 p (Avogadro)

→ 1 kt ∼ 6 · 1032 p ∼ (10 m)3 water

q

/Bq

q q

q̄

l̄

The 22.5 kt tank of Super-K [flickr]
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4 / 19 Vasja Susič (LNF, INFN) Theory of baryon number violation

https://www.flickr.com/photos/nvslive/45263199324


Motivation — Experimental

Experimental search for /B:

decay of p or n (in a nucleus)

baryon→ meson + anti-lepton

Extreme experimental sensitivity to
super-high energies: for C = O(1)

τp & 1034 y → Λ & 4 · 1015 GeV

For intuition:

→ Observe 1 proton for 10N years
↔ observe 10N protons for 1 year

→ 1 kg ∼ 6 · 1026 p (Avogadro)

→ 1 kt ∼ 6 · 1032 p ∼ (10 m)3 water

q

/Bq

q q

q̄

l̄

The 22.5 kt tank of Super-K [flickr]
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Experimental bounds and prospects

Main current experiment: Super-K

→ running for almost 30 years

→ exposure E : now > 450 kt · y

Main future experiment: Hyper-K

→ fiducial mass (f.m.): 8× Super-K

Experiment summary:

experiment f.m. [kt] year technology

Super-Kamiokande 22.5 1996 – water Cherenkov

→ 27.2 present

Hyper-Kamiokande 187 ? 2027 – water Cherenkov

DUNE 40 ? 2030s – liquid Ar TPC

JUNO 20 ? 2025 – liquid scintillator

Bounds from Super-K (90 % CL):

decay > τ/B [y] E [kt · y] year

p→ π0e+ 2.4 · 1034 450 2020 [2]

p→ π0µ+ 1.6 · 1034 450 2020 [2]

p→ π+ν̄ 3.9 · 1032 173 2013 [3]

p→ K+ν̄ 5.9 · 1033 260 2014 [4]

p→ K0e+ 1.0 · 1033 92 2005 [5]

p→ K0µ+ 3.6 · 1033 370 2022 [6]

p→ η e+ 1.4 · 1034 370 2024 [7]

p→ η µ+ 7.3 · 1033 370 2024 [7]

p→ e−e+e+ 3.4 · 1034 370 2020 [8]

n→ π0 ν̄ 1.1 · 1033 173 2013 [3]

n→ K0 ν̄ 1.3 · 1032 92 2005 [5]

n→ π−e+ 5.3 · 1033 316 2017 [9]

n→ π−µ+ 3.5 · 1033 316 2017 [9]

Note: t, b, τ , c heavier than proton, experiments do not distinguish ν̄ flavor.
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Baryon number violation at dim6 in SMEFT

There are 4 independent dim6 /B-operators qqql in SMEFT [10]

ORL (du)(QL) (dαauβb)(QγicLjd) εαβγ εij

OLR (QQ)(ue) (QαiaQβjb)(uγced) εαβγ εij

OLL (QQ)(QL) (QαiaQβjb)(QγkcLld) εαβγ εil εjk

ORR (du)(ue) (dαauβb)(uγced) εαβγ

Conventions for table: using Weyl fermions. ε12 = 1.

xcc ≡ x, so u ∼ (3, 1,+2/3), d ∼ (3, 1,−1/3), e ∼ (1, 1,−1) are right-chiral.

Index types: ijkl→ SU(2)L, αβγ → SU(3)C , abcd→ generations.

All we need to know: coefficients CIabcd, where I ∈ {LR,RL,LL,RR}

L /B =
∑
I

CIabcd OabcdI , CI ∝ 1
Λ2 are dimensionful. (5)
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Computing the decay rates for different channels — procedure

Use coefficients C(i) in the following procedure: [11, 12, 13]

(1) At EW scale: match /B-operators OI in SMEFT to ÕJ in LEFT.

LEFT (“low-energy EFT”): SU(3)C ×U(1)EM with h, W±µ , Z0
µ and t integrated out.

(2) Rotate flavor indices in ÕabcdJ to mass eigenbasis

(3) Run operators ÕJ via RGE down to proton-mass-scale mp

(4) Insert coefficients of ÕJ into expression derived from chiPT

In this step we need hadronic matrix elements from lattice QCD.

μ

EW: mZmbmcmp,n mτ

(1) & (2)(3)(4)

Computes steps (3)–(4): Mathematica package ProtonDecay [14]
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Computing the decay rates for different channels — matching

Matching for step (1):

L /B =
∑
I

CIabcdO
abcd
I = 1

16π2

∑
J

C̃JabcdÕ
abcd
J (6)

ÕRL(udue) = (uR
αadR

βb)(uL
γceL

d)εαβγ C̃
RL(udue)
abcd =−16π2CRLbacd

ÕLR(udue) = (uL
αadL

βb)(uR
γceR

d)εαβγ C̃
LR(udue)
abcd = 16π2

(
CLRabcd + CLRbacd

)
ÕLL(udue) = (uL

αadL
βb)(uL

γceL
d)εαβγ C̃

LL(udue)
abcd = 16π2

(
− CLLabcd + CLLacbd − CLLcabd

)
ÕRR(udue) = (uR

αadR
βb)(uR

γceR
d)εαβγ C̃

RR(udue)
abcd =−16π2CRRbacd

ÕRL(uddν) = (uR
αadR

βb)(dL
γdνL

d) εαβγ C̃
RL(uddν)
abcd = 16π2CRLbacd

ÕLL(uddν) = (uL
αadL

βb)(dL
γdνL

d) εαβγ C̃
LL(uddν)
abcd = 16π2

(
CLLbacd + CLLcbad − CLLbcad

)
ÕRL(dduν) = 1

2(dR
αadR

βb)(uL
γcνL

d) εαβγ C̃
RL(dduν)
abcd = 0
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Mediation of proton decay

Simplest way for OI to arise from BSM physics: tree-level mediation

(a) Mediation by gauge boson X

q

q

g g

q

l
X

Γp+ ∼
g4m5

p

m4
X

X induced O
(3, 2,− 5

6 ) ORL,LR
(3, 2,+ 1

6 ) ORL
→ gauge current: L to R

(b) Mediation by scalar T

∼
|y1y2|2m5

p

m4
T

q

q

y1 y2

q

l
T

T induced O
(3, 1,− 1

3 ) ORL,LR,LL,RR
(3, 1,− 4

3 ) ORR
(3, 3,− 1

3 ) OLL

If mX ≈ mT , g ≈ 0.5, y . 10−3 (like 1st/2nd gen Yukawa to H):

gauge contribution dominates!
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Embedding proton decay into a broader framework — GUT

Paradigm for proton decay: Grand Unified Theories (GUT) in 4D

Do SM gauge couplings unify at a high scale? 2-loop RGE. . .

→ For SM factors to be unified in G:

(1) G is a simple group (one factor)

(2) SU(3)C × SU(2)L × U(1)Y ⊂ G

(3) G has complex irreps (SM chiral)

→ Choice of G (minimal): one of

SU(5) ⊂ SO(10) ⊂ E6
2 4 6 8 10 12 14 16 18 20
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20
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40
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26 34 42 50
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α3
-1 (strong)
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Hyper-K

MPl

log10("τp"/y)
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P23

P13

Alternatives: X ∼ (3, 2, Y2 ), so at least SU(3)C and SU(2)L unify

→ flipped U(1)Y embedding: SU(5)′ ×U(1)′, SO(10)′ ×U(1)′
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10 / 19 Vasja Susič (LNF, INFN) Theory of baryon number violation



Embedding proton decay into a broader framework — GUT

Paradigm for proton decay: Grand Unified Theories (GUT) in 4D

Do SM gauge couplings unify at a high scale? 2-loop RGE. . .

→ For SM factors to be unified in G:

(1) G is a simple group (one factor)

(2) SU(3)C × SU(2)L × U(1)Y ⊂ G

(3) G has complex irreps (SM chiral)

→ Choice of G (minimal): one of

SU(5) ⊂ SO(10) ⊂ E6
2 4 6 8 10 12 14 16 18 20

10

20

30

40

50

60

26 34 42 50

10

20

30

40

50

60

log10(μ/GeV)

α
-
1
(μ
)

α1
-1 (Y)

α2
-1 (weak)

α3
-1 (strong)

GUT

1974

Super-K

Hyper-K

MPl

log10("τp"/y)

P12
P23

P13

Alternatives: X ∼ (3, 2, Y2 ), so at least SU(3)C and SU(2)L unify

→ flipped U(1)Y embedding: SU(5)′ ×U(1)′, SO(10)′ ×U(1)′
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Embeddings of irreducible representations in GUT

Fermions:

→ Neat fit of SM to G-irreps

→ This feature non-trivial! [15]

27

Q uc

10 5

SM

16

L

SU(5)

SO(10)

E6

dcec

νc

νc + d' + d'c 
+ L' + L'c + s

Gauge bosons:

→ all GUTs have at least one X

→ B − L is gauged in SO(10), E6

group (3, 2,−5
6) (3, 2,+1

6)

SU(5) X
SO(10) X X
E6 X XX

SU(5)′ ×U(1)′ X
SO(10)′ ×U(1)′ XX

Scalars: T ∼ (3, 1,−1
3) always present in true GUTs

→ SU(5): Higgs doublet H ∼ (1, 2,+1
2) in irreps 5, 45 or 70

→ T also present in 5, 45, 70

→ Since SU(5) ⊂ SO(10) ⊂ E6: H comes with T in all cases
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Proton decay in supersymmetric GUT

Supersymmetry: fermions and bosons come in superpartner-pairs

If R-parity violated: L ⊃ −λ′′ d̃cdcuc − λ′ d̃cQL
→ “dim4” proton decay: via direct mediation of SUSY-mass scalar d̃c

In SUSY with R-parity: “dim 5” contributions typically dominate

q

q q

l

T

l̃

q̃

w̃±, h̃±

→ Left: one example diagram

→ Enhancement: due to superpartners

(more generally: extra lighter fields)

Γ ∝
(

1

16π2

)2 m5
p

m2
Tm

2
SUSY

(7)

If mSUSY � mT : couplings qqT and qlT must be small (� 1)

→ In GUT: yes, they are related to SM Yukawas
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A quick guide to computing dim5 proton decay in SUSY GUT

Procedure [12, 13]:

(1) Integrate T out of the superpotential at MGUT.

(2) Determine the effective dim5 coefficients C5L and C5R.

(3) Use RGE to run down C5L,5R to mSUSY.

(4) Dress dim5 operators with SUSY particles.
Add this contribution to SM operators Õi in LEFT.

(5) Continue as before: run Õi down to mp, use chiPT.

Step (2): the 2 /B-operators superpotential operators are [16]

W ⊃ −1
2C

5L
abcd Q

αiaLjbQβkcQγld εαβγεijεkl

− C5R
abcd (uc)α

a(dc)β
b(ec)c(uc)γ

d εαβγ (8)

Mathematica tools for this computation [14]:

→ For steps (3)–(4): SusyTCProton

→ For step (5): ProtonDecay
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Predictions for proton decay in GUTs

Typical dominant decay modes (caveats always possible!):

Non-SUSY GUT gauge mediated p→ π0e+ (π-modes)

SUSY GUT dim5 p→ K+ν̄ (ν̄-modes)

For a given model: predictions have wide span [1]
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Sources of uncertainty in p decay prediction (in GUT)

Sources of uncertainty: [17]

(a) Unification scale (via mediator mass): τp ∝M4
X ∝M4

GUT for dim6

(b) Flavor uncertainties [18]: from rotating Õ to mass eigenbasis

→ involves right mixing-angles (not an observable in SM)

→ can even rotate proton decay away in flipped-SU(5) [19]

(c) Gravitational smearing/EFT: e.g. nuisance from FµνF
µνΦ/MPl

→ shift in αGUT via 〈Φ〉
MPl
∼ 1 % → exponential effect in MGUT

→ can be avoided in a model by choice of Φ

(d) Hadronic matrix elements: parameters α, β extracted from lattice [20]

→ Γ · Bi ∝ |αA1 + βA2|2, error in α, β estimated at 10–20 %

15 / 19 Vasja Susič (LNF, INFN) Theory of baryon number violation



Sources of uncertainty in p decay prediction (in GUT)

Sources of uncertainty: [17]

(a) Unification scale (via mediator mass): τp ∝M4
X ∝M4

GUT for dim6

(b) Flavor uncertainties [18]: from rotating Õ to mass eigenbasis
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Robustness of the calculation (in GUT)

Controlling flavor uncertainties:
→ Flavor fit can control them somewhat

→ Decays into ν̄ final state:
incoherent sum over flavor states

Ratios Bi/Bj more robust than Γ?

→ Relevant when something is observed

→ Could distinguish models (1 vs 2)
(“fingerprint” in SUSY GUT [14])

The problem of the unification scale:

→ Each threshold changes angle of RG

→ Spectrum → depends on model parameters

→ Can perturbativity (stability of RGE)
provide constraints? [21]
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Conclusions

(1) Proton decay can probe very high energy physics (∼ 1015–16 GeV)

(2) Hyper-K will increase τp bound to ∼ 1035 years (after 20 years)

→ Bulk and time matters

→ It seems this will be a “long-distance run”

(3) Many uncertainties in predicting proton lifetime in any (GUT) model

→ smaller uncertainty would be preferred

→ but may be unattainable without tight constraints
on the spectrum of mediators

→ branching ratios more robust, hope to distinguish models

Thank you for your attention!
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