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Role of lattice QCD in flavor physics

Lattice QCD is powerful for observables such as
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Flavor Lattice Averaging Group (FLAG) average 2019

Nf FLAG average Frac. Err.
fK/fπ 2 + 1 + 1 1.1932(19) 0.16%
f+(0) 2 + 1 + 1 0.9706(27) 0.28%
fDs/fD 2 + 1 + 1 1.1783(16) 0.13%

B̂K 2 + 1 0.7625(97) 1.27%

lattice QCD calculations play important role in precision flavor physics
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Lattice QCD and rare processes

Search for New Physics in rare processes / high-intensity frontiers
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0ν2β decays
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Starting point

Inspired by a talk given by Prof. HuanZhong Huang
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Double beta decays

Early in 1935, Goppert-Mayer propose to detect double beta decay

Nuclear pairing: In some case even-even nucleus is more stable, e.g. Ge76
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Majorana neutrinos

Majorana’s proposal in 1937: ν = ν̄?
⇐ This is allowed by symmetry properties of Dirac’s theory

In single beta decay, one cannot distinguish Dirac or Majorana neutrino

1939, Furry propose to search for neutrinoless double beta (0νββ) decays

The process violates the lepton number by two units

Question: do we need the lepton number conservation?
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Lepton number conservation

According to phase space factor, 0νββ mode is highly favored over 2νββ

T 2ν2β
1/2 ≈ 1025 yr, T 0ν2β

1/2 ≈ 1019 yr

However

2νββ has been detected in total of 10 nuclei: 48Ca, 76Ge, · · · 238U

No 0νββ detected yet

Also, in neutrino capture, ν̄ always produce positive charged lepton

Consequence: Introduce lepton number conservation to explain experiments
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Maximal Parity Violation
1956, Lee & Yang discover parity violation in weak decays
[Nobel prize 1957]

Neutrino is left-handed, while anti-neutrino is right-handed

Helicity exactly forbids the second vertex in 0νββ already

I Lepton number conservation is no longer needed

ν oscillation discovered by Kajita (Super-K) and McDonald (SNO)
[Nobel prize 2015]

New possibility for 0νββ search ⇒ sensitive to neutrino’s absolute mass
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Experimental search

0νββ vs 2νββ decay

T 0ν
1/2 > 1026 yr ⇒ Ton of isotopes ∼ 1028 nuclei

⇒ requires both large decay energy (Q value) and isotope abundance

Abundance	(%)	

Q	value	
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Experiments underway
0νββ decay

The easiest way to determine whehter ν is a Majorana fermion

Give the information on the absolute mass scale of ν

Provide the evidence of lepton number violation

More than 10 experiments underway

4 Exp. (Majorana, EXO, CUORE, GERDA) reached T 0ν
1/2 > 1025 year

1 Exp. (KamLAND-Zen) exceeded the level of 1× 1026 year 12 / 26



Chinese experiments join in the international competition

PandaX reports the lower limit of T 0ν
1/2 > 2.1× 1023 from Chinese

experiments
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Double β decay: generic difficulties

At present, lattice QCD mainly targets on light nuclei

For nucleus A: signal
noise ∼ exp [−A(MN − 3/2mπ)t] ⇒ a sign problem!

For nuclear matrix element, various models yield O(100%) discrepancies

14 / 26



Single β decay of nuclei

Coupling of currents to nuclei in nuclear EFT [Detmold, talk at Lat18]

One body coupling dominates

Two nucleon contributions are subleading but non-negligible

A promising way to provide few-body inputs to ab initio many-body calculations
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ECT∗ workshop on 0ν2β

Summarize on recent advances in

Lattice QCD

Chiral effective field theory

Many-body nuclear theory

Target on

a seamless connection between the theory at quark and nuclear level

reliable calculations of the nuclear matrix elements, with robust uncertainty
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If neutrinoless double beta decays exist ...

π−π− → ee and π− → π+ee

Lattice QCD starts with simplest decays

π−π− → ee: XF, L. Jin, X. Tuo, S. Xia, PRL122 (2019) 022001

π− → π+ee: X. Tuo, XF, L. Jin, arXiv:1909.13525, accepted by PRD
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ππ → ee decay amplitude @ mπ = 140 MeV
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π− → π+ee: infinite volume reconstruction
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Summary of π−π− → ee and π− → π+ee

Chiral perturbation theory for π−π− → ee
[Cirigliano, Dekens, Mereghetti, Walker-Loud, PRC97 (2018) 065501]
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[XF, L. Jin, X. Tuo, S. Xia, PRL122 (2019) 022001]

A(ππ → ee)

2F 2
π Tlept

= 0.910(3) ⇒ gππν (mρ) = −12.0(3)

Chiral perturbation theory for π− → π+ee
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Lattice calculation yields (statistical + systematical errors)

[X. Tuo, XF, L. Jin, accepted by PRD]

A(π− → π+ee)

2F 2
π Tlept

= 1.105(3)(7) ⇒ gππν (mρ) = −10.9(3)(7)
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Move to dibaryon
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Di-neutron vs deuteron
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Relevant observables

2 point correlation function

Bounding energy

3 point correlation function

gA quenching effects

proton-proton fusion pp → de+νe

4 point correlation function

2ν2β decay: nn→ ppeeν̄ν̄

0ν2β decay: nn→ ppee
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4 point correlation function for 0ν2β decay
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Outlook

With developments of supercomputers, computational technologies and
novel ideas and methods

the precision of lattice QCD calculation has been improved significantly
and have great potential to further improve

For flavor physics:

lattice QCD provides useful low-energy QCD information

plays important role in high-precision frontier

The techniques developed in flavor physics can be used in nuclear physics

help to study the rare processes related to nuclear matter

Can one day, nuclear physics become a new flavor physics?
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Double β decay of nuclei

Cirigliano, Dekens, Mereghetti, Walker-loud, PRC97 (2018) 065501

Begin with the effective Lagrangian Leff for the single β decay

Leff = 2
√

2GFVud(ūLγµdL)(ēLγµνeL)

Contributions are identified into three regions in EFT

Hard region: Λ� 1 GeV∫
d4x e iΛxLeff(x)Leff(0) ∼ 8G 2

FV
2
ud

mββ

Λ2
(ūLγµdL)(ūLγµdL)ēLe

c
L .

In lattice QCD, a hard cutoff is introduced by 1/a ⇒ O(a2) effects

Soft region: O(100 MeV) - O(1 GeV)

I Few-body decay dominates
I Nuclear potential mediated by pions: ππ → ee, πn→ pee,

nn→ ppee, · · ·

Ultrasoft or radiative region: Λ� 100 MeV

I Neutrinos feel the complete nucleus instead of just the nucleons
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Diagrams in chiral perturbation theory
LO diagrams (tree level)

NLO diagrams (one loop)

ππ → ee

πn→ pee
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Diagrams in chiral perturbation theory

NLO diagrams (one loop)

nn→ ppee
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Logarithmic divergence at NNLO
Cirigliano, Dekens, De Vries, et.al. PRL120 (2018) 202001

Transition amplitude from EFT

Aν = 〈pp, out|Vν |nn, in〉 = −
∫

d3rψ−p′(r)∗Vν(r)ψ+
p (r)

Wave function
ψ±p (r) = χ±p (r) + χ±p (0)KEG

±
E (r, 0)

where

G±E (r, r′) = 〈r| 1

E − H0 − Vπ ± iε
|r′〉, KE =

C

1− CG+
E 0, 0 30 / 26



Logarithmic divergence at NNLO

Transition amplitude from EFT

Aν = 〈pp, out|Vν |nn, in〉 = −
∫

d3rψ−p′(r)∗Vν(r)ψ+
p (r)

For r→ 0

Vν(r)→ 1/r , Neutrino potential

χ+
p (r)→ constant, Yukawa wave function

G±E (r, 0)→ mN

4πr
+ · · · , Propagator

Need lattice QCD to confirm it 31 / 26



How much chance to obseve 0νββ?

The two mass eigenstates that mix most strongly with electron flavor are
lighter than the third (normal hierarchy) or heavier (inverted hierarchy)
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