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Motivation

e Proton lifetime tests baryon number conservation

® Probes scales inaccessible to colliders: Limits on GUT, extra dim., etc
e Limits on stability of nuclear matter
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Figure: Proton lifetime bound
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Experimental sensitivity to proton lifetime

¢ Hyper Kamiokande
(Water Cherenkov detector)
p — etn0: 7.8 x 103*years
p — Kt :3.2 x 103 years
Hyper K design report 2018
e DUNE

(LAFTPC)
p— Kt :1.3 x 103 years

Assuming 30% eff [DUNE TDR]

* JUNO & M ox o . I
(Liquid Scintillator) \ 3 .
p— VKT :9.6 x 10% years i | ER
Earlier talk by C. Jiang .
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BNV operators at low scale

e (SUSY-)GUT provides the effective operator of lowest dimension 6.
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Figure: Proton decay operator at different scales (a) ~ Agur (b) ~ Asusy (C) ~ Agw

Model parameters come into Wilson coefficients

* YZ](]) 1/qla Yuds Yue

° ijC

* m;, mg, triangle loop integrals, ...

whereas the model-independent content remains in the effective operator.

'\Each model provides a different list of operators and lifetime estimates.
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Hadronic matrix element of BNV op

Dim=6 effective operator
<Hap>GUT ~ <Hl7\p>5M = CFF/@MH‘quq’p) (1)

where C™'" is a wilson coefficient, IT is a pseudoscalar meson, p is a proton, and
(XY)r = (XPrY). Our calculations include:

O; = (g% P,1g5)(I° Py, ¢5) (2)

(7 (aCd) yur|p)
(v 1(a€d) e |p) u et utv
(K°|(@Cs) yur|p) _
(K+|(aCs)ydr |p) d u,d,s
(K+|(aCd) s1|p) U

g > U
(K+((dCs)yur|p)
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Decay rate

The decay rate I'(N — II + /) is calculated from the hadronic matrix element,

(I(p)¥(q) O™ [N (p, 5)) (3)
= o) [ W) = W) @)
= Bo(q) Po WS T (@*)un (p, s) + O(me/My)Te(q)un (p, 5) (5)

, where IT is a PS meson, N a nucleon, and W | " decay form factor [S.Aoki et al,
PRD62 014506 (200)]. Then the decay rate is

(My — My)?

(N = TI+/) = 32501

(N = TL+7)
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o (O% Xx(2) = Y(2)v5¢(x))
)
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Lattice QCD in a nutshell

Vacuum expectation of an observable on lattice is given by

=7 /7o [ o
4D Spacetime Lattice with size L3 x T, lattice
spacing a between the nearest point
¥ (x) fermion field on lattice site x

U, (x) Gauge field on link between lattice site

Statistical evaluation using Markov Chain Monte
Carlo method

0= (0)r [Uﬂ =(0)+60  (8)

i=1

Interpolating operator is used to create hadrons
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O, ¥, Ule —Sp(U,4,9]

a

D 4
< 0.1 fm

A

L=3—61fm
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Lattice QCD in a nutshell

Statistical Uncertainties

¢ Using Monte Carlo method introduces
uncertainty ~ 1/vN

Systematic Uncertainties

Finite lattice spacing
Unphysical quark mass
Finite Volume

Excited states contamination
Renormalization

[
Q UNCLASSIFIED

a

o . ]
< 0.1 fm

A

L=3—-61fm
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Lattice QCD in a nutshell

QCD Lagrangian

Ny

cz—fﬂMMF”+§jw (D —mp)vp(z) D =~"[0, —igAux)] (9)
f=1

Vacuum expectation of an observable is given by

— 5 [ p1 [ DidIDwI0, v, Ul (10)

In EW, S[U,,] ~ So[U, %, 9] + eSins [U, 1, 9]
In QCD, Non-perturbative due to strong coupling

Solution: Rotate to Euclidean 4D spacetime and discretize to solve numerically!
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History of Proton decay matrix element calc
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CP-PACS & RBC/UKQCD ~ RBC/UKQCD  RBC/UKQCD
Ref. JLQCD (2000)  j'acp (pgosy  RBC (2007)  QCDSF (2008) n006" 5014, 2017) (2022)
fermion Wilson Wilson DW Wilson DW DW DW
Ny 0 0 0,2 2 3 3 3
3 3
Volume (fm3)  (2.4)2 x 4.1 (3.3)% (23((11';)3 (1.68)3 (2.65)3 (2.65)3 Ei‘éiS
. el
a (fm) 0.09 0 00_'112 0.07 0.11 0.11 09'124
My (GeV) 0.45-0.73 0.6-1.2 004389:%5687 0.42-1.8 0.34-0.69 0.34-0.69 0.14 (physical)
Renorm. One-loop One-loop NPR 2GeV NPR 2GeV NPR2GeV  NPR2GeV NPR 2GeV
1/a,m/a 2GeV
a (GeV3) -0.015(1) -0.0090 :gg}?gg?; -0.0091(4) -0.0119(26)  -0.0144(15) -0.01257(111)
B (GeV?3) 0.014(1) 0.0096 8'81 ?gg]; 0.0091(4) 0.0128(28) 0.0144(15) 0.01269(107)

Table: Prior Studies on proton decay matrix elements
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Lattice Setup

¢ |wasaki gauge action +DSDR
e Domain wall fermion (L; = 12)
e AMA 32 sloppy sample

ensD latt. size a1 (GeV) aM, M.L #configs. Ngumple
24ID 24% x 64 1.0230(20) 0.1378(7) 3.3 140 4480
32ID 322 x64 1.3787(48) 0.1008(5) 3.4 112 3584
Table: Ensembles used for RC to the charged pion g decay
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Lattice Calculation
We define the hadron interpolating operators,

Jyn = eabc(ua”TC%db)uc

Jot = dysu

JK+ = §“75U“
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Lattice Calculation

Three kinematic points for each ensemble

I | g iin | ¢*(GeV?) 24ID, 321D

| [t11][fooo0 0.010, —0.012
010] | [100] 0.113,0.095
002] | [000] —0.116, —0.140

Kllori][fooo —0.034, —0.042
011] | [100] 0.058,0.056
001] | [000] 0.075,0.074

Table: Table displaying values for = and K with corresponding vectors and ¢? values.
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Nonperturbative Renormalization
O(ud)s — eabc(aTade)l-\lsg

T

¢ Landau gauge

¢ RI-SMOM scheme

¢ Two-loop Matching (GRACEY, 2012)

e symmMOM scheme p + ¢+ r = 0,p? = ¢ = r2 = 2
Z Proj i [(p13or30%)] = 614

1 1 2 2 3 3
ensiD | m® | ND | @ | NO | w | NO
24ID | 0.00107 16 0.04 18 0.085 27
32ID 0.0001 22 0.045 21
Table: Mass choice for renormalization
AN Znds 7 zudd
241D | 0.6671(7)(60)(87) | 0.6674(7)(51)(87) | 0.6671(7)(60)(87) | 0.6670(7)(49)(87)
32ID | 0.5895(11)(82)(77) | 0.5896(9)(29)(77) | 0.5893(11)(33)(77) | 0.5897(9)(36)(77)
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Lattice Calculation

241D matrix element
2-state fits with energies fixed from spectrum fits
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! L 1;:‘0.5416(10/8)!
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Momentum and Continuum extrapolation
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Figure: (Left) W, and (Right) 17 continuum extrapolation and interpolation to kinematic point
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Momentum and Continuum extrapolation
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Future extensions

Vector channel decay

No previous calculation

n— K0~ = KTn v,

K™ state is sharp and below the threshold on some lattices.

For Parity conserving case, the form factor decomposition should be:

(K*¢|(ds)(d0)|p) = €, (p")ue(a)[FL(a®) v + Fo(d*)oua” + Fs(a*)qulup(p)
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Example: on Clover E5 lattice

¢ Wilson Clover lattice ensemble
¢ |owest threshhold for 7w P-wave state is 894.3(5.8) MeV.
e shows lighter vector meson mass due to discretization effect

ID a(fm) mx(MeV) latt. size m,L  # configs.
E5 0.07280(75) 271.8(2.9) 483 x 128 418
aM aM, aM g« alM aM g APrmin

0.3736(51) 0.2858(39) 0.3388(17) 0.10037 0.21199 0.131

Table: example of ensemble with stable vector meson state

)
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Summary

e Computing BNV hadronic matrix element was done at the physical point
¢ two-loop non-perturbative renormalization was done
e Future computation can contain more channels
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