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カイラル対称性を保つ2+1フレーバー	  ドメインウォールフェルミオンによる格子QCD計算	  

(i)形状因子と(ii)陽子崩壊の行列要素に関しては、	  48x48x48x96の4次元格子体積での物理
クォーク質量直上でのモンテカルロ計算	  

(iii)色電荷電気双極子能率においては、32x32x32x64の4次元格子体積(mπ	  ~	  170	  MeV)の計算
を行う。Gauge	  ensembles	  are	  generated	  by	  RBC/UKQCD	  collaboraLons.

本研究課題の目標
格子色力学を用いた核子構造の理解による標準模型を超えた物理の探求	  

(i)	  核子電磁形状因子	  

(ii)陽子崩壊行列要素	  

(iii)	  標準模型を超えた物理から導かれる色電荷電気双極子能率



研究成果ハイライト(1)

CP対称性を破る色電荷電気双極子能率の計算	  

chromo	  electric	  dipole	  moment	  (cEDM)



CP (&P) の破れと電子双極子能率
Electric Dipole Moments (EDM)

■ Electric	  Dipole	  Moment	  	  d	    
外部電場Eによるエネルギー変位	  ΔH	  

■ EDMは	  P&T	  (CP	  through	  CPT)の破れの証拠 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但しparityで移り変わる縮退した真空が存在しない場合に限る	  c.f.	  	  Water	  molecule	  

現在の実験の上限:	  	  

ΔH	  ~	  10-‐6	  Hz	  ~	  10-‐21	  eV  
	  →	  	  	  |d|	  <	  ΔH/E	  ~	  10-‐25	  e	  cm 
 
仮に	  d	  ~	  10-‐2	  x	  1	  MeV	  /	  Λ2

CP 

→	  	  ΛCP	  	  >~	  	  	  O(1)	  TeV	  



cEDM計算における主な2つの困難 

1. 4点グラフの計算により計算量が増大と大きな統計誤差	  

-‐>HOKUSAIによる大規模数値計算とAMA法による誤差縮減	  

2.	  高次元演算子による大きな二次発散の不定性	  	  

連続極限(a-‐>0)で大きな発散	  

-‐>	  Gradient	  flow法を用いた演算子の改良を実行中	  

Figure 1: Quark propagators used to construct nucleon four-point functions with quark
current and chromo-EDM insertions. Green lines show the location of the last appli-
cation of /
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Figure 2: Connected four-point contraction diagrams, from left to right: Cu|Ju
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(##6-7), The dots indicate quark current insertions,
and the crosses indicate quark chromo-EDM insertions. Additional diagrams corre-
sponding to u-quark combinatorics are not shown.

(F)orward propagator F (Fig. 1)
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where X (x00; x) is the (smeared) quark source positioned at the origin x.
(B)ackward (sink-sequential) propagators B (Fig. 1), depending on the flavor of

the valence quark line:
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where functionals Y
u,d

represent essentially diquark propagators composed of u- and
d-quark propagators or two u-quark propagators for Y

u,d

, respectively. Expressions for
them may be easily derived using Wick contractions (see Sec. 4). These functionals
depend on the nucleon polarization matrix T and, implicitly, on the type of the nucleon
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我々のPreliminaryな結果:	  cEDMによるCP混合角	  (α)	  の計算

Gradient	  flow時間による物理量の振る舞いの変化	  

x軸:	  Gradient	  flow	  時間	  

大きなflow時間をとることにより、発散項の抑制に成功。	  

形状因子計算を現在進行中。

cEDM induces mixing, requires subtraction as before
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Figure 2: The magnitude (left) and the stochastic noise (right) of the correlator in Eq.(3)
with the u-quark chromo-EDM operator depending on the time coordinate of the cEDM
insertion and the number of HEX smearing steps applied to the gauge field. The nucleon
source is at t = 0 and the nucleon sink is at t = 8a. Statistics is 512 exact + 16 sloppy
samples on 16 gauge configurations.

T = 8a ⇡ 1.13 fm and varied the time coordinate of the cEDM insertion (see Fig. 2). Sur-
prisingly, gauge field smearing does not have any e↵ect on the gauge noise; we hope that
this will also hold for the gradient flow and the operators smeared with a wide range of
gradient flow times will not su↵er from increased noise. It is reassuring that the stochastic
precision for ↵

u

is approximately 12% with only 512 sloppy samples on 16 gauge configu-
rations. An analogous study is underway for the cEDM operator with the application of
gradient (Wilson) flow for a range of flow times, from which we will select the three values
the flow time for the renormalization study.

3 Proton decay matrix elements

This study is aimed at further improvement of precision of proton decay matrix elements.
In 2014, proton decay matrix element was computed on a lattice directly [11] in N

f

= 2+1
flavor QCD without any e↵ective theory (i.e. BChPT [12]). Although there are no longer
uncertainty associated with model parameters, lattice uncertainties are still rather large,
which makes it di�cult to constrain the allowed region of GUT theories.

Proton decay matrix elements are matrix elements of e↵ective baryon number violat-
ing operators |�B| = 1 The lowest dimension e↵ective operators can be constructed and
classified starting from color-singlet 3-quark operators:
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where P
R,L

= (1±�
5

)/2 are chiral projectors and qi,j,k are u, d, or s quarks. Using SU(2)
f

symmetry and parity, the total number of independent operators that we need to calculate
can be reduced to 12 (see Fig. 3), all of which we plan to calculate in this project.
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Preliminary smearing test. Wilson flow test underway.

Ongoing calculation HOKUSAI, USQCD
2+1 DWF-I-DSDR, 323, 170 MeV pion ensemble
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θ角によるトポロジカルな揺らぎを用いた
quark EDM の計算結果 [E. Shintani et al.]
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F3 @ Mpi=300 MeV
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F3	  =	  FQ	  +	  Fα	  
FQ	  :	  CP-‐odd	  3pt	  function	  contribution	  
Fα	  :	  	  α　x	  	  CP-‐even	  3pt	  function	  (F1	  and	  F2)



研究成果ハイライト(2)

陽子崩壊に関する行列要素の計算	  

ディラック固有ベクトルの計算及びall-‐mode平均法による統
計誤差の縮減を持ちいた計算	  

バリオン数を破る相互作用の元での陽子と	  

π,k中間子行列要素の計算



陽子崩壊行列要素の計算結果	  [E.	  Shintani	  et	  al.]

π中間子質量(Mπ)	  >=	  300	  MeVにおいて計算が終了。	  

本研究により高精度計算が実現可能であることがわかる。しかし、	  

カイラルバグ模型による異常なπ質量依存性が存在する可能性が指摘されており、	  

より信頼出来る物理点直上(Mπ=140	  MeV)での計算が必要(現在進行中)	  


