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Proton Stability: Status and Outlook
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Current limits z(p = e"7% 2 1.6:10%*, z(p = VK*) =2 5.9-10% [Super-K]
Expect x10 improvement on lifetime limit from Hyper-K and DUNE
Better sensitivity to p = VK" that affects supersymmetric GUT models
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Motivation and Theory Status

Proton lifetime tests baryon number conservation
accidental "symmetry"” of SM, violated by sphalerons
has to be violated for baryogenesis [A.Sakharov'67]
Missing piece of Grand-Unified Theories
Probes scales inaccessible to colliders: Limits on GUT, extra dim., etc
Limits on stability of nuclear matter

[Sakai,Yanagida '82; Weinberg '82]

S W W V
ordinary GUT supersymmetric GUT
min.SU(5) ruled out by z(p = ™) min.SUSY-SU(5) ruled out by z(p = VK*)
SO(10) probed by next-gen exp. SUSY-S0O(10) probed by next-gen exp.
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How Nucleon Structure Affects GUT Limits

Effective interaction
Log = Z C;O; + h.c.
1

d1 q2
O1 = €“(31° Py, 45)(£° Py, q5) = €5 OF",
|+ e q3 14
d1,2,3 € {U, d) S} ) ngf) — 9
Decay width p = 117 (11 = x, K, 7; m@Z) < my)
~ My mi \ 272 )2
[(p—10) = o1 (mN) | ;CIWE ‘
Decay matrix elements (W,1); [S.Aoki et al, PRD62:014506 (200)]
_ : )
EMEIOY INK) = 7.(0) P [Wo(—0) = =10 (—¢*) [ (b
and W;= [Wo+ W, - O(me/mN)]q 22
0
/v/' negligible for e*

nonperturbative QCD ; ~10% for u*
require lattice calculation
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Nucleon Decay Matrix Elements

Nonperturbative matrix elements [form factors] lattice calculations
Zg with mz = 330 MeV
I1(k — q)|O3%|N(k)) = [PX/ (Wé9 — m—NW10>uN(k)]} Hud)dlp) e
84
[S.Aoki et al, PRD62:014506 (200)] | (ud)pdlp) | e

(K°|(us)Lur|p) | A

(K°|(us)pur|p) | -
(K |(us)Ldrlp) | s

Two methods to calculate W) ;
Direct calculation on lattice

41 RBC/UKQCD'13 (N; =2+1) ||
' RBC/UKQCD'06 (N; = 0)

4 RBC/UKQCD'06 (N; = 0) ChPT
% JLQCD99 (N} = 0)

Low-energy theory (soft-pion thm.)

requires annihilation amplitude (vac|O*?|N) —(ECH (us)LdRIP) | et

(also needed for p = 37 decays) (K (ud)selp) s
—(K™|(ud)Lsr|p) | e
Order-of-magnitude estimate' —(E*|(ds)puclp) | e
O3|NY ~ 032\ /Vy ~ —— = 0.004 GeV? S @) e
<VaC pq VN 0.00 0.05 0.10 0.15 0.20 0.25 0.30

Wo(Q?* = 0)[GeV?]

(IT|O31|N) ~ (vac|O3|N)/f, ~ 0.03 GeV?

skyrmion
[Martin, Stavenga '12] cloud —” —> _
Suppression of (vac|O3|N) Alternative explanation for
in Chiral Bag model observed proton stability?
due skyrmion topology quark bag
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This Work: Lattice Setup

Two ensembles: [32ID] 32°%64(a=0.14 fm) and [241D] 243x64(a=0.20 fm)
lwasaki gauge action+ Dislocation-supp. det.ratio (DSDR)

Ny=2+1 Chirally-symmetric (Mobius-)Domain Wall fermion action
with physical light and strange quark masses

Multigrid deflation of z-Mobius operator + AMA

"Direct" (p — =,K matrix elements) and "Indirect" (p ?vacuum + ChPT)
Nonperturbative renormalization

Two state-fit analysis of 7,K, N spectrum and p — 7, K matrix elements
a? Continuum extrapolation

three kinematic (Q?) points to interpolate

241D 321D matrix elements to decay kinematic Q?= —(mz)?
243 x 64 32 x 64

5 1.633 1.75 I1 7ig N Q°(GeV?)
a, fm 0.20 0.14 ] (24¢) (32¢)
—1 7 [111][[000]| 0.010 —0.012
a—, GeV 1.0 1.37 111]([010]| 0113 0.095
My L 3.4 3.3 002]/[000]|—0.116 —0.140
Neont 134 94 K [011][[000]]—0.034 —0.042
011]|[010]] 0.058 0.056
Nsamp 4288 3008 001]|[000]| 0.075 0.074
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Proton and Meson Spectrum
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pion kaon nucleon

241D ensemble (a=0.20 fm)
- Two-state fits + priors from large-tmin one-state fits
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Extraction of Matrix Elements
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- Two-state fits with energies fixed from spectrum fits: no signs of excited-state sys.errors
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Nonperturbative Renormalization

0.650
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Momentum and Continuum Extrapolation
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linear momentum extrapolation Q> — m.?, m,” to the decay kinematics
Continuum extrapolation 4(a?) ~ (4o + A2 a?) ; conservative sys.error = |40 —A[a=0.14fm]|
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Proton Annihilation Amplitudes
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Comparison to Previous Work
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Summary & Conclusions

® Proton decay amplitudes at the physical point with
chiral symmetric quarks and continuum extrapolation

@ No topological suppression of nucleon decay found,;
limits on Grand-Unified Theories stand

@® Sys+Stat. precision O(10-20%) ; may be improved with
more statistics, finer lattice spacing, finite-volume study
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