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1 Introduction

LHC EBRMNEFCEE L TV D BRI IR A S cuniy, F8lllan
126 GeV Ot v 7 2R F-OE&ZHHT L5 —2oDFHEE LT, A Ny TR 2 50 650H TeV
EHWAREMERH D (1], 2 9 LTSRN D . BEFRIERL 23 B E = 8 L F— 8 BRI 23 3
ER O NGAYN

18 TR L — BRI CIX 2 O R & BRI T O E & 72D, 7 L—/3—X CP &K
HBED S OHIRITFRE S 72205, K RS & BXMETiESRE (EDM) 225 < HfilBRIZEKAR L
LTl [2,3,4. Z7L—"—CP OMNEZIMA DM OENDOEERLETHDL EEZDND,
DL E, T ERVEINMBEILDBENIMEOHNOTE /NS o TND EBEZDLDON
HRTHY, 77T 47 4 — 7/ B bBOBIIFMERL T & 70 o THEME OB & 725 [5, 6],

AWFFETIX, By bAT AT =N TT7 L—N"—=CCP DTN 0 L 725 o v TNV I %55
R CHEMHHERAR O 7 L— =L CP OREZ R T 5, 20L&, BAHRHEA T — L2 RELT
HZLIZXY, Zooe v 7R 2EHHOEZEMFHMED L tan B 2/NS VWX T A —Z N EN D,
ZOEBIZBWT, VT ET 4 — JREEMEORGFEEDH LSO, By AN EEARK (BBN)
OHIFREL EDM ORI T X 5 Z & 2R-7 (7).

2 The Model

B/ NEBRFMERERR CIL, 7V —V— ) OEE L Aterm X° B term & OAXIARN CP DL D
LB, Flh. AT AI AL OEEITVIOIERARSE 7 L —N— CP O %o X # =
T, FZTHLXIZ. WOLOIZHy "A T A —ZBWT A term,. B term, L TA 7 /L3
FUBEREBENHEAZD X R EE 2 D,

Au,d,e =B = =0 ) (1)

2
M a,dle

HIZ, Kt—HmDOARr— VT —U— ) BEER— LIl Y, DD v 7 ADE*t
PEEESIHL 0 &35,

My = My = Mz =M, my, =mj,=0. (2)

DF D PN T — T — ) OIINARDD KO M EZ 2 5L b EREIS—
U JMBRERITIE Z O L 9 Ak s BT 5 (8],
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Fo, tanf & plde v FART U2 X VOBEIRIAEDIENDRIENORD D Z L1225, Z
D& E, Bterm OV IABFEOED FRGIFEEIZRENH D728 tan 8 DR E ZJITIEIFEL, LA
TO3EY DM FETHZ D (K1, /),

I p>0 (B<0), K& tanf (&7 |B))
(M) w<0 (B>0). FRED tan s (FFEED |B|)
() p<0 (B>0), /&7 tanB (K&72|B))

BRI R 77— VMRV & XX, by TG OFRER T REWZH B <0 O (1) Off L
IMEAELIR, LUy My g O F53RE 78 = 3L X — PRI & 72 2 IiC VT b >
TENEGOFENNES L e b, () & (M) OENRBEND Z ENbns (K1, £),

ZOEIT, ZOBRRNZEWTIX My THIFEEORE SNEERER LR, Flcb vy 7 AD
HELZDOHEICREIKGFET D, 2T, ZZTE My TR AOR—NVEEES M, =173.3+2 GeV
OHEIH CTENL S RN OB 21T o7-, By 7 AOEERIIK2 O L HI2720, @ik r—n
NELZE 10 TeV TBRNE L &5 OB 01D, K2V A (M) TiE tan 8 DED /NI W2,
K ORE My BE LT ZRHKRICHE~S BBN X EDM Ol[RZ [H#E§ 2 DI,

3 The Gravitino Dark Matter and EDM Constraints

T ORAITCIE, EIMEEEIEN LA LB T L —N— CP DN/ NS T30, F5E
T A — ) D BRI RRMERL - (LSP) THEEWE L7025, FHOBLIZEW T/ 78T 14—
I, WITHENEBREAZTDRRENSIESND L E 2D L. BEORBEWE ORFERE A
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Z &%, BBN X®° EDM 226 OfillfRE2 2 2 HERICEHEREWRNH D,
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DIEE D 1F &V ANCHRE T IUTE RIS REIZ R0, E:\léwgumﬂ®%ﬁ%%ﬁ%mié
By & O AR SRR 5, Ll RAZ UDRBRENLAE LS i+ TIXZ D
ﬁ@ﬁ&i%hi&ﬂ%%fi@wt COMIITEZDAR T ORGFETIEREE 72520
[10], fEHE LT, E%%x&¢®ﬁﬁ#um@qu%miBBN@ﬂwi@ﬁéﬂéoE%%
AL TDOFEMILLTOLHIZFHETE 5,

LTEBND 7T
bl D, o T, tan

Mg \2( mz, \ 7O
a2 10 sec ) () 3
T m2_ *“\100 Gev/ \3Tev ®)

FBREAZ PR T/ ITET 44—/ OBENVF VA (1) Tk, AXTVOHEMPRKEL2>TLE
VW, By ZZAOEEEBIAT 25T BBN 2L OHIRICE VRS SND Z L LD (K3, H),

RERTITET 4 — ) OEBITENGZIC L DEAHEOBN A RKENZ EEERL, Zhd
7 CPRTZ L—N"—DWhOER LD, ZD&E EDMIZENINTL 5 CPHOKRE 1T
Gu~ mz/|Bl| BEL 2L, HFFEN2ETOEDM I3 () 0 X5ickb, V4 (1)
7205 EDM EER) D OHIR A ERETE 5 Z ER3bh b,



Soryushiron Kenkyu

map [GeV] T, [sec] d. [ecm]
1000 10000 107

1000 1070

100 £ 4 10

10 F 107

100 |

| L L L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
M,z [TeV] M [TeV] M [TeV]

I I 0.1 I I I I 1070 L L

X 3: (f£) 7T 41— ) BMUOBHIHIERL - ORENSIELNT- L XD, TESNAEE, ()
FEREAL2OFEm, (F) MffShbE O EDM,

4 Summary

Bt D LHC OFEBR TIIBRFRERI 2 RERTHY ., v T 2ADEEN 125 GeV THDH Z & »
HET R X — BRI NER SN TWER, ZOHETHCPR7 L—"—DRENED,
T, FIHLEECPRTI LV —NR—%HEMN Ty NAT A — )V THZT, 77T 1—/
MEEEYE L 2D o PNV 2 3dm LTz, BXFMEAR T — BB N -T2 LI2E D tan 8 2
INEVWRT A= NEI, BEEMEORGEZHA L->>, BBN X EDM O#|R%[E#Cx 5 Z
RN T,
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iR E OREERE & ERH SIS

H A K243 T2
TR sl

BT Planck B2 & 2 FH T S OEF T PEOBIIC LT, FHICFET 2= LF—
DK 2T % BREEWETH S, WEWEZRENT 2F01 x OREGEE LT, BERWHD B
HENDZ =7 b LR DR DEEMRE &, RIFICE E - TR E DS AR L 7B
IR SN D FHIM AR T DB D 2 5035 5, LT CIEKRBGICHiE S - BmEIc
KT 2FHM=2— Y ORI LT, EFBHIEILAN & MEEN 2 FE5ORELZHNT 5,

SR OREBWE x 13, RKIENOWE & 5% L TRBOBHIEE ~ 600 km/s BLFIZR25 &, &
TN L > TREBHDIHBE SN D, K5 TOREWE OBORHZ(LIX

aN
dt

ZIT, R OO, WM HE OBRIL P, KRBT O RO 3,{—;3 i R E &R & DAL
KD 7= DRRZE oy yv, DFEE LT, KEEHEIC

= C—CyN? (1)

M,
C o~ D () @)
X
EET D, 05, RHREER Cy 1T
CA — deTn(T)2<UXXU> ~ <UXXU> (3)
[f d3rn(7")]2 Verr

22T, KOS r OREICBT D x OB n(r) = nge”XW/To V(1) = — V) +
m é7""7"3 - e
Gmleoi™™) s b, ki, AR Vg 12,
3M2T,\ ?
Vi = <P®) @)
PeMyx
KEG & MERD R A L, KBGO DR ESHERO L FEE Ty &5 25 &, BFEYEEIR
D=a—hK) JOMETOT7 7 v 7 RTROLELHITHEZBZ 5,

dd T4 dd,,
= BR, —F
dE, A2 Ek: Ry, dE, (5)

IR 70 AR C IR BRI C BT 2 KT OB SR E OB N 13 faficZ L TR, 2oL &, KISHT
'y = %CA.N2 ~ %C L5,

VIR TR B E O FBR F DB B T s e — ) =2 — T U — ) OFREE2E 2,
DOIEFRTRA I ATEIIC L > CTEK EN D =2— ) /AW l#ERHE2#%m T2, ©— /1
=a— b TV =) OFERPHEEE— RIZT7 =2V I F o5t/ vy — ff THIMN, =a—+F7 VU —
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JE~ATT T2V IA L Th DI LD, BRI =L AL OB RICHH] L TR 2 5~
Uo7 4 —mflcd Y, xx » v iREEAER ISR, L LN L, JarORit+ 5 lE B
Wy — ffy T, TR AE L 1 28010~ OF 0 —iifil 252009, Brfmfglo K& 7%
HGa2HZDHZENMBNTWD (1], S HIZIEFE, V7 M OBFEAEFERT 20 BWE O %
T, BISHIBIA L IS W R Y A 0 5 388 o — f/TW QBB ER ST &

7= [2]0 Bz U7 b oA R xx — oW id==—"1rV ./ - BRI R X S S % 5 2 15
6&%%3%5

d*(ov)wew 1

dEw dE, m Z ‘MA + Mp + Mc + (u- channel) (6)

X spins

ARARZETIL, B A7 =27 NI EL ALV T U N WSS 2% 2, iEWERGFED
PR 235 7= LoD, “%ﬁ@ﬁ%ﬁ%;~b)/x&7bw WCREREBE 525 D REEES
BT 3], T, BHEHEIBHICEENDS R =a— R Y 22T TiEel, WRY VEDH
BN RHNCAELS=a— Y VL EB L,

B 21X KBGO I T 2 W B E O RHEIRIC i@ibé::%%U/@x&aﬁwﬁkéok
WIERES L OUKRW RS, 2 EESHEIC L2 - KRB L O k== — )  OFH 5T
H5, itﬂﬂwﬁi2%%% ﬁ&@%@f%é mixw%~%mE < my (2B CESH]
B LD R ==2— h U J SN2 e — 7 2E L &5, =a2— kY J - AT hL
OB kwf BT HIEN S OIS EE L e D RIREMEN S D Z E BN D,

& 3k
[1] L. Bergstrom, Phys. Lett. B225 (1989) 372; T. Bringmann, L. Bergstrom and J. Edsjo, JHEP 0801
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X(ky) 1% /() X / X I
* > ——>
1 1
o W . lf
vA iy AN
X(ks) i ) X Vo :S v X 4 i v
(A) B) (€

1: BB E OxHEIIZ I8 1T 5 EFSHE S O Feynman (X,

tanf=2, M>=450 GeV, m4=2TeV, u=1TeV,
Ag=4j=0(q#1), 4;=2180 GeV,
mé=1-1 TeV, mé=mﬂ=240 GeV, Mz, =m1~_R=2-1O GeV

10—13 . . . .

10~

1075 ¢

1o-ts [

devidE, [Gev ™)

1071?

10—18

2: KGR T 2B EOERIC L VAL L2 =2 —F ) VD AXRT b L,
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REERORATFRATR
— LIS TRETFRIIL—THMH) 12D0T —

H AR 22 T 220
i

LU OIZ EFEOFRBICEE LT, RO 2 8%2BH0 LT, H 1T, B Z OO
AST=DIX 1949 FEDF (IHEIRFRHED 3FELED LX) TH Y, KED Z OB SR FE TIZOWTIEL
EOSIZE o THME L, FEEMITIE 1950 FERIE DIFIZOWTERELLIZWES 9 2 &, F 218,
BIFOMIONE TR L, ZOANE, SDFE VRO FITERE Y TIEWNWENS ZETH D,

ST T[RRI N—"7"1 RDHEURIZOWT, ZOAFRE, M0, Rt L s o%6
T A EEAFITH Y, ML S -FRIC T 2B LG T oT-, &5  (XEFEEF O
(R FRERE) OBMELEDBERLIC L, B TRWEREREZE BB sns, I r—7"
RE L ARATEZELAZEE A S VWY, #f% D americanization DFEERTH VY, EEE, Iz 1% 1946
FEDL KT ARFBRIFIRIFIER TH Y, 72 1952 FITRE LT-AFFERIT Skl -imtF7eBERs
wO(P) #FRRgRERSS (PR REKT 3 X OV REKS) ° & R T LWEBRBHO S TUV -,
K42 REKT X° REKS (32 Z R E CHFZES 2BV TR Y, L XIZmE oA RO
DRLHEBETITOI T\, 7, 1949 FEIZ/R D & A ANY R BIRAICBE L TL 5,
ZAX TFEWF vol. 0, no. 4 (1949, 4) OFRATEIL FhLFamifsE 7 /L—7" Th v, [FEE vol. 1, no.
3-2 (1949, 12) OFREZFLITIE, FIOT ‘FhiFim/ V—"7" RLREDBIND, ZH ZD%E
DHF BRSO, BAITEBL L T TFoln b B2 b, 2L [HERTHRIL—7] O
AbiE, 195244 Az i/ b, UTFTHE, ZOZA0—70DZ %SG LWt 5,

ETSGIZOWTRODOER L7V, ZHUZET D AX IiZ—RMEOKm - B 25 - 1T8)
B e o BHoTm b WO EETH D, BESBFOWMERITRE I T b2 Aok 5 2l
D bDHHD Thol, TOEHHEFLL, 1SG K] HONKIZERELI-VWDOTH DL, K
HOHMIZX, Z0O S5 O HEBETLZLILhHD,

2

ZAILTIE, SGHEM &7 b HDh, FAUESG DA 2—=TF (I TV, 320K
ERMNADBREZLIZE ZAICHFK L, 92U Th 5, o TSGRHMOAREX, TnEih
DN THHT=EMBZEIZLY, BT EHLNIRDLTHAI,

ZZIZE 1 oW X, BBREDICER S NTERHIORELTH D, T L TEOWERE, &
=0 L 0IERERIX, RRofE, WHE —BIRRO 4 KER Fmifst=, Z& Eff) Tho
Too BRGORH], WHEIRIIEREL L ELEBRICET S, L LEEBZELZZICEEY (&
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HERIZFE-STH, FLAbET 2o 70) , T MERTRENDICONTAEZT S,
A6 Tl 350, FT MRESRE RHGELZRESES, —BOWIEEE D —EDO&ML%
M7, ZdROhBE S &2 EO N T RE OEE SO AT OREICSHE TE 5 & F
HH0, ORI HIYBEHAEICH L CHRMED [H=ESH) 2%E L, EEOEART#HE LT
O #HEEE) 2RETH, 29 LERELOIEIT, SGAVAN—DAxZEUT, fiKF~LIR
FoTuw<,

B2 OWIE, CREREC LD TCopenhagen #1H| OFENE~OBHTH D, FHFD L H I
B, 192344 AD 2943 H £ ToOHR], Copenhagen @ Niels Bohr MFEATICHFE L7220y (2
OHIMITIE L L AT OB SRR TH - 72) , RE%ZE D OWFEEOE S ORI Z Oz
P& 2 7=, Z Z1Z Copenhagen ¥&## & 1% N. Bohr D AMEDOKILTH Y, HOMEFTOALTEH H -
oo TORFEZMBDIL, 1) AT ITT X THETH D; i) IOy L LELETS (£
DYOILERLTHEDRVY) | iil) FFEICER S KEIZR b DI A & DFFRTH 5; iv) MFEITE HIZ
ﬁbkﬁ%ﬁ%ﬂﬁiwnoi<%oﬁ<ﬁa,kﬁéo;ngbﬁ AT Cafr iz R L S 4

TV HONTIE, BRIROWHRERZ 2 H 575, BIFICED 720 [1],

BRI R 25 T2 Copenhagen #&fi{L L T 7=z oW i, #ikox= vt 4 [B¥FEOH
H7ZRBE ] ITIETE SN TND 2], RO Z ORFRD, EOEM A =T 72k « )l - &)1 -
RAELZBEUT, TNENDOHRE~LHBH SN TITo2E LTH, REETIEH DL EV,

53 OWILFRL i G W FERTEo7Tc & WO FREICH D, EOMR %A Fermi O B REEE)O
PO & TS, TOERIE, KRBOFSTRZ10/THY, V—F—DE)l - #xki-
bHY, RB30MRThol, BEIROBEREWEIZNA - T, MHEITITHE IFA OMER - f@ul - o
SR o7,

ZOFEED, MEOAEIIZHETS 7= A 0, K, aEbELEX T\, BEEAEN
Eh E LD, R TORMENMED T2 NI ZETHD, TD®D, Fhi f-imblLO PR
R0, MREEGOE TIEAFEZHWerE b I s, BIZILFESIC TR famaflas) B
oD, i< 1949 FEKDOZ ETHD, T 9 LTHWITEWESIKIE 72 SG b, —DoDE
VARRAT Yk o)1 1 ERE L ToERKE L OMENRAE T TL 5,

L LFERBIT—ET D — REROGN ) —IVE R4 ONEEZ —2fR LD Th D,
Fhi - i%@@ﬁ# BFEoRTYH, RbERBOMIESI L Riisns Z bickolz, £<IC
KEMDoTZDIL 1953 0 [IEFEWPRLMITERT] ORI TH 5, HKREFHAMEFTE VD Z &b,
ZIMSG ORI E 72 Y, 2ERILFEFENE SIS, TORE, SGNOBERFEITV I WK
RE > T,

INEETAHIZ, B1oHET S A, FH2 o BB &, # 3 oiiut EE & SG
W54 252 L rotz, ZD3EENSCHEMORGBEZ2T, LHITEZTWD

RIZ SG HFM AN EEEOMFZEBLG AT S L, ANSiE D S22 OV TR L TA T
VY, FLIEIZEE D SG MBI IMFIEN RN, T 2 CIEET, 1955 FRITIT v 7= LT
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Zee TGO (11H158~12H 98) &, THUTHND EMF TCOMMBITONWTEH> THAIZ
WV, RBYIREO GO 1L Fh i LIRERIZETHY, MESOE 1IHIXQED’, F2H

$QMD’ (Pl TimoZ &) , 520 O 10 BHEIE “FEkoOPEm GERAER L) & Frhi1 L1284 T
Ehfw‘_[ Jo

ITEDEWBES TH DD, ERIIFRL - OBESHRUZ OV T ORI ThH o7, WHHEIR
DOMUZ 14~5 B MBI L TW e ES, B2 D 5 BlZ, ‘AR & LTI AL 0V 12K D
NT&E, ASZORIIELERL, 525 CELNEH, i%kk@hb%b S REL U CfE
PEZF o TNDEDONGHR o TE T, [l D) K2 [P, N oftllc, S=108 17256
i cHrv ) ERELEZOEZREFENTND, F-HF (E) K2 [P, N, ATl LE-o7280)
FEAGBEDD, ZORSIIAOHFIITEN R -T2, YEIZE D LEEONEIEICRVD, Himld
REIZRATE, o THRHEER ) (320 X5 RIFR» 64T,

S CHMRIES O 1 T 40 A E T2 QED I ghost IREEIFAFET 20y NWH.LIETH -
Tre T THRRDITH EIF a2 3Tl, ‘ghost DFEZBE X D TIERWDY L DRNTFLE L,

EIRAT L O & O1H 4 23, aﬁ&ﬁFEM?éJ_ﬁiof/%)ﬁﬂgmm%ﬁ bbb
%%%tft;—%é&ﬁﬁ ZHI Tz ghost SE4E73, DHEF 2R 2 & HEH LR T 5 O
<, &l ﬁmﬁ%é&TM%fiﬁﬂotogmﬁ®mi ETHHEL, T0EET—7 23
DL, BEEAZMELETTRLEZDO TH D, RWITZIT- & HEFEADER SIZE L TWD DR
..[4]0

B HRBAENO T, IZHFERDITERNANALE H ST G ~DEE « KFROBL
EfRIT RS (SH2EALEEZRHZDT, BIIEAELSM - BECTOMEEE [5)I1WiE BX
OUERME T XY OFidk)  (FURICET 2 L0 T, NEIRAED ZTEAEZFWZ) EEEA S AEY)
@ﬁﬁ%ﬁﬁ%%ﬁﬁi%bk),ﬁgﬁff%éoi:kﬂ,i<%0i<ﬂhto

PLEEFFE LT SG MO - BRICKHT 52 —mTh 505, HEEIZE L TH EEWEVH
N D, BEROD X 512 1949 FRiHEICFATER i @@%%%@t@t# U i K [E Tld Schwinger
X° Feynman DG LMWK 4 L RFIN TV, L LEND DH > 7= Phys. Rev. 5672 EIZATT
otz G BARIIREZA LL, AMEREOTDIMNEMRE : EOFESUIFF SN TR
2D TH D, T2IIERD N HIIFSNTH -T2, HEHEN A A (Z2ofh) (2 CIE(Civil Information
and Education) Library ZBHax L TV, £ Z CTKREOFHTIMERE i)ﬁﬁ@t@fﬁ)é

FNEMAIZ L THEE L TRIZOD, FEXTH, BETH, I RO NN, i
COFEERUN Y 21D, #FKRFOFIZH Eﬁbf<ﬂt@f%é hn GER) KRICEAL &,
“EIE TR GERKER) SASREEAR B OB T VYRR 2o Tk 9727 EDl, £
51, ZHUIHFREDOBETIIR o200,

JEIND X O ZKITG N BN 1942 SR RKOPHEIC e~ 7297, BT & L THRKICBEE, Uk
T ST, EOWVI NTH LG, [MFERBANL, ZNEZEBIZHEEOROFIZEIT
X E B TITHER Y, ZNRLIEEFTICATEORBEREOMDO A2IZE, EF5X -0 L
7z, L UiRPIOEHEIX T Thi, HROEFLHLEEMR LT, ZoOREtFiz0oT<
NizOThdH, REEEIERINTZOTHAH — HBEREERTEEE SN, BOORUMBD
ATV ol (B EBRITITREERP ) |
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AT DR BITERRDONTZBIE, ETHEHREZANT23 DM EEE, TORICEREZMITIC
g, LWHZEHTERLETHAY, LL, TOLXH7, SHOIETFRBEO NITELR)1-T-,
INZEZLITEHEEHROREBTEL S I XL, ZOBEEM Y TFAT Schwinger DXL & Fi A, %+
ML THGREEL ZENTE DO ThoTe, ZORKBOHEORRIE, WEHANHLTLY
Wi D — FEHOMATH 5, (HARTROHIKBEGRORm N H 5 TldewvnrtEbh st L
72, LU Schwinger i LD S DS, BREO X OICLSEHEH L TENMLTED, Miilicbiz-
THE L G0 > =D TH5,)

AKX Z oMt SG D7=dic 2 High LT iz« [5B8F) 550517, SG OfafkiL, &7
LB Fes ) oEEN, Ao [FR3E5%es) &L - #E, %4, ELHNAKRIT, RKAARAELE
T, B & BIVE OWFFEE DO WDIE P E R EI 2 R Lkti) 72, SG fthEm o BBlE O, ELL
KIZDIFEE > S 25, SG b 2001 4EICiE, 10 [FRIFAZVHE ] #l/0, TO%
Uiz, RBEAMIOEREHOFEIZOW TSR 5] 22 E -,

4

bz, KU RI T LD ZHOOEEFEZ, SG R E OREN LB L TAHIZW, LT
13 CST FRLFRmhFE=E, FADY H RO FHEFIT /R D sd 72 1991 1213, AlRRE O IR KRN e ot
fEChoTe, ROFE—HIRTIE, KFKOMAEESIILHTEOEMHEAKL TWLH>THY, S
FVIIAREMIZ SGREMIITH Tz, —HlazT i, auXa v A THEI O ORI IER 1T
WY - HIREO R RRICAE LT, RIRIE AN T2 E 0 WO B2 Bk E oD &
EERSETONFE ThoTe —HELDIBIROEZNTNT IHERNPDL,

BOIZHRTOFHEFER, ROMRERBEOF THLRIZELWHIRTHo7-, ZLTEDOEL
SOE—271%1992 43 A 19 H~21 BIZBHAR TR NTZEHES VAT 7 L “Extended Objects
and Bound Systems” Toh o7z, WHADHREDEELZ & HIZL, BIMNIEFRAE RN, L
CETHEMEBELALZETHD (6],

ETCE—2 R 5REEANER, DOFVZORIITORICRsTZEVWHIZETHD, LLIN
X, HHERTIIERZRZETHLH D, ik, SGHEMRELVW-TYH, ZIUT—RROEYTH
0, FERBAUTEH LORIZZE S ORWENAT EHTRLINLTHDH, WERSG MR D~
E, FILOWEMPAER SN TLRDRETHA I,

T, ARERINBICET, FILWEHIIZ 20 oAEENSOTIE, R T 5, £
% % Copenhagen f&H=° SG EMFIZIE, EO ORI T RdH oM a7 LITRKMWETFEDOHETH
Do ZORTIEENZIZIE, T TICZO R nar REET 5, BIACRHIFRHIT L & LD, —&
BAEBNANAEH LT, HLWVIRGICEIS Lz TN 72 b0 %Al> TEHEW-WO
Thod, LUk, BHOHEEZOLPEHBICHHIE TE 5 L) REREAHBET 270 DK & 72
HETHDL, ZOFRKMBRENOREICEE > T HERITERTND — & ITHE WIS
FF L7200,

AREH AL FLOEANAEETEH > TS Z L 2 BFF LEAW W @ SG RO FBRE TS, WFE#
ELTOFREY, HOWVITEEMNE, LDPETEZTLHIENTE, &,
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Bi-Local Model in AdS; Spacetime and Higher-spin Gravity !

H AR K FFE T 52

ff FE3C
LEAFIEE - AR, SEEBC, fHHEER

1 [EC®HIC

FEA B 0RO LITE <, 1930 18D Fierz-Pauli (2 X % HH 72 massive A B0 P
METINDIELZENTEDLN, TOROBETHAEFERZEATLZ LOH L INHELEIC
7eolz, & <IZ massless DEMEA B GO, 7 — VB mORER & L CHKRE RN, &
HPGERO X 5 I pIil b &> TR HED B2, O THB TRV AEIEHZFF7 massless
DEPEAE GO E LT, 0 TRWIERAZ RO RIF2IlH 2 IR ERE O A B 52 R a#1
IZT 2R AFE LT (1], &V diF, Klebanov-Polyakov 55 DHERNZhEE 5 AdS FEZEIZH 5
BalEGE LCTAELDEBEA Y UV GOMRIE, AdS/CFT OHLEND b2 ORBED R I NN
2], 2D X5 & HFEDOMIR T bi-local % & FEXN D EMG R L, KRB ekE %
RIZEBP BN/ 572 [3], FlxiX, Fronsdal & X eI, AdS,41 ZEMDOEREA B
b o () 1, FEE 2D d 4 2 IO MEE EOBRFHS K (2°, ) |2

_ Oy, 0z,
Ozl Oxs

Py oope (2t)  — K (2%, y%) oyt (1)
————— ———

HSF in Ads,.;  d+2 hyperboloid
DIETEHT D ENTE, hypop, (@) Oli7z T _REHRADND K OUE S K
8§K(x,y) = OEK(:L‘,y) =0, 0 - 0yK(z,y) =0, --- (2)

BEND, £, 3L O(N) ~7 MBS OMGERIZ IS < Das-Jevicki DA TIE, £ D
£ O RS H BRI

N

(1, 72) = Z¢a($1)¢a(x2) (3)

a=1

LBz, ZOHMERL ON) X7 MO E K28 )b,

EZAT, (2) IFEARMICHB 2R FROWEE R REEEL ST M2 DO THY, Y-
R CL B RIS TS L IE R PTmEee D ek 2 H 722 U CTRANCHEZE L7 bi-local S5O EERAS, 2
DO FRERAZ BTN [4], 4, FERPGHERE S 5 B ELBIT e o, #HRITHE
HORL P RICIRAE T D 2 E~OHLHIRH 0 [5], Ri-HOMEAEIEHZEY A D 5 I B Rm OIE EN
REINTz, ZORER, Z<ATMHSEM L OFEEGWN ORI (4%ot) PERIREN RO R T
VA NERO ANNDIEE R, WER) 2 AR OB ERE L T o 7o (6, ZALERIE, 5%

URZR L, arXivi1603.09542 125 <,
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PR 2 Bifdifk L7215 T, (2) 1320 “i8)) 7 % 0(—Regge AR —7"% 00) IZE& o TcfGfR & LT
RESZ LN TESL, £2C, ZOMAEFEOHMIE, AdS; F¥22 (Randall-Sundrum #5 [7] @ warp
FHETCRE) ICHOIAENTZ 2R HGER BURFTS) ORI TA L @A 50, [K=xrL
X —D 4 RICHFZET (3) DIBEEZEL DN E I DERFET DL D TH D,

2 AdS;BZEICEITSH 2HFRIER

AdSs 22 { XA}, (A = p,4,5) 1%, HIREME napXAXE = 9, XPXY + (X2 — (X5)? =12,
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Figure 2: Bi-Local 3 ® Regge #li&
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On the quest for dark energy potentials in quintessence
— Thawing model is preferable? —

Tetsuya Hara, Daiki Okada, and Yutaka Itoh
Department of Physics, Kyoto Sangyo University, Kyoto 603-8555, Japan

1 Introduction

Two theoretical viewpoints have been proposed so far to explain the accelerated universe.
One is associated with modification of gravity. The other is associated with vacuum energy
and /or matter field theories. From the latter viewpoint, we explore the possibilities of the scalar
fields in quintessence models and study how relevant to the dark energy.

Since the scalar field theories involve n independent parameters, we notice that in principle
n time derivatives of the equation of state with observable 2 and w are enough to specify the
scalar potentials and to predict the higher derivatives. In the paper [1], we have carried out the
calculations of the third derivative of the equation of state for five scalar potentials to identify
the models and to predict the future observations. The first and second derivatives have been
reported in the paper [2].

Planck Collaboration: Planck 2015 results.

Flanck+B5H

Figure 1: From the observations, the reconstructed equation of state w(z) as a function of red
shift z where 1 + z = 1/a [3]. The simulated curves in Table 1 are designated by signs.

Recent Planck and other observations for w(z) are shown in Fig. 1 [3]. The typical values
for each z are adopted and the derived values of dw/da and d*w/da? are estimated in Table 1.
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z=0.1 z=0.3 z=0.5 dw/da | d*w/da? sign
w(z) 20.90 20.91 -0.85 0.45 5.42 a)
w(z) -0.90 -0.91 -0.90 0.17 1.39 b)
w(z) -0.90 -0.93 -0.95 0.23 0.16 o)
w(z) -0.90 -0.93 -0.958 0.18 -0.48 d)

Table 1: The values of w(z) for each z are adopted and the values dw/da and dw?/da® are

estimated. The typical values are designated by signs, which are shown in Fig. 1 and plotted in
Fig.2

Usually, the variation of the equation of state w for the dark energy is described by [4]

w(a) = wo + we(l — a), (1)

where a, wy, and w, are the scale factor (¢ = 1 at current), the current value of w(a) and the
first derivative of w(a) by w, = —dw/da, respectively.
We have extended the parameter space, in the paper [1],

w(a) = wo + wa(l — a) +%wa2(1—a)2+ éwagu —a)?, )
where wqe = —d?w/da® and w3 = —d3w/da®.

We follow the single scalar field formalism of Steinhardt et al. (1999) [5, 6] and investigate
three potentials for so-called freezing model [7], in which the field is rolling towards down its po-
tential minimum, as V' = M*+9/Q% (inverse power law) [8], V = M*exp(3M/Q) (exponential),
and V = M4t /Q" exp((QQ/Mﬁl) (mixed). In this freezing model, w(z) approaches to -1.

We study other two potentials for so-called thawing model, in which the field is nearly
constant at first and then starts to evolve slowly down the potential; V = M*(cos(Q/f) + 1))
(cosine) and V = M* exp(—Q?/c?) (Gaussian). In this thawing model, w(z) starts from -1 and
increases later.

Because four of the above mentioned potentials have two parameters, it is necessary to
calculate the third derivative of w for them to estimate the predict values. If they are the
predicted one, it will be understood that the dark energy could be described by the scalar field
with this potential. At least it will satisfy the necessary conditions. Numerical analysis are
made for d*w/da® under some specified parameters in the investigated potentials except mixed
one which has three parameters [1].

30



Soryushiron Kenkyu

2 Equation of state wg by a scalar field

For the dark energy, we consider a scalar field Q(x,t), where the action for this field in the
gravitational field is described by

S5 / B/ =g [_13 + L m0,00,0 - V(Q)] + Sur, (3)

167G 2
where S)s is the action of the matter field and G is the gravitational constant, occasionally
putting G =1 [4] . Neglecting the coordinate dependence, the equation for Q(t) becomes

Q+3HQ+V' =0, (4)

where H is the Hubble parameter, over-dot is the derivative with time, and V" is the derivative
with Q. The equation of state wg due to the scalar field is described by

12
po @ -V
wQE—Q:?.T. (5)
PQ 56? +V

We put wg = —1 + A for the later convenience (0 < A < 0.2).

3 Second, and Third derivative of wg

The detailed calculations of the second, and third derivatives of w¢g for potentials are dis-
played in the paper [1]. The numerical calculations for the freezing and thawing models under
limited parameters are analyzed there.

In Fig. 2, the curve for a = 0 is presented for the case of V = M4+%/Q* with A = 0.1 by the
red solid curve in the dwg/da and d*w¢/da? coordinates. The signature of o will change beyond
the parabolic curve. We assume « > 0, so that the upper part of the red curve is forbidden for
this potential and the freezing type potentials as well. The green (inner) dotted curve is the
case of V' = M*(cos(Q/f) 4+ 1) with A = 0.1. Upper part of the green dotted curve is allowed
region for this potential. The allowed region of the other thawing potential (Gaussian) is the
upper part of the red curve.

The interesting point is that the forbidden regions for the freezing type potentials are allowed
region for the thawing type potentials and the reverse is also true. It is possible to distinguish
the potentials among each type due to the different predicted values of d3wQ /da? [1], however it
is necessary to make accurate observations for the values of dwg/da, d*wq/da?, d*w¢q/da® and
other parameters such as A.

31



Soryushiron Kenkyu

gy

a) (0.45, 5.42)
b) (0.17, 1.39)

) (0.23, 0.16)

d?wq/da?
)
i
T

(0.18, -0.4:

dwg/da

Figure 2: The curve for a = 0 is presented for the case of V = M*T9/Q® with A = 0.1 by
the red solid curve in the dwg/da and d*wq/da? coordinates. The signature of o will change
beyond the parabolic curve and the upper part is forbidden for the freezing model. The lower
part of this curve is forbidden for the thawing model (Gausssian type). The upper part of the
green (inner) dotted curve is allowed region for thawing model of V = M*(cos(Q/f) + 1) with
A = 0.1. The typical values adopted in Table 1 are plotted. Notice that the values of d2wQ /da?
for a) and b) are out of frame.

4 Conclusion

At present, backward observations, such as Planck, baryon acoustic oscillation, Supernova
Ta, Hubble constant, weak lensing, and red shift distortion, have been undertaken to estimate
wq at the age (1 + z) as in Fig. 1 [3]. From Fig. 1, the rough values of w(a = ap), dw/da and
d?w/da? have been estimated which are presented in Table 1. They are pointed in the dwg/da
and d*wg/da? plane in Fig. 2.

The adopted values from observation show —0.5 < dwé /da? < 6 within the region 0.1 <
dwg/da < 0.5. Although there is a lot of uncertainty, at the moment, it seems to be preferable
for the thawing model against the freezing model under the comparison with the numerical
results and the observations [3].

If A < 0 is correct in Fig. 1, we must consider fully different models such as phantoms,
quintom, k-essence, chameleon, tachyon, dilaton, modified gravity theory, and so on [9].
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N 1
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W, 2L, WEIBEEOMEREMCLY TR, S9FV, (4,2,1) BEROTOs r—2 L LT K
1E. Wilson line (2 X%, #MEOINOFTE TIE, [F UHFTNICHERE L TV 5 A, Wilson line
IZ & o T Pati-Salam #£72% SU(3). x SU2), x U(1)y ~Dnb &7 +—27 L V7 bk, Bllx
DOAEIZHERET D L 91D,

EoBITiE, UR)BEEHRERIZE 27208, fOBETHRERT, =& 21X, ~7 v B5EHGR T
1%, SO(32) 7' —YHENBLI D DT, 10 %kt SO(32)  HAIFR Yang-Mills Biga 4 HFEAICT 5 2
EDHHRETH D, FERRIC [2] Tk, ~7 = AL @10&mﬁ%%®ﬂ m D I L, RS
EHo TEPxT?xT? 2037 MEEITW, BRihz2disd 5 2 &, RO 7 — Ui
SUB3)ex SUQ2), xU(l)y 8L, ZOb L TOIA TN 3MREL DL S 2% O E
W, ZORRTIE, F—URESU(3). x SU(2) x U(1)y @ F T, vector-like Hl L 72> T %
TN IFUNRELBNDD, ENHIE, B AALF-CHEL bOLHIFFIND,

Z oM, BIORRIEIZ LV RIS — VRS SU(3). x SUQ2) x U(l)yy & H, 74— -
L7 by 3HRD AT MRS T KO BRI < RE TUV D,

ZDOEHTANY bV E LTHEMNZR S ON X HRIUE, ROBBEIIG SR O R 72 &
BT ET 22 & Th b,

3 4AXRTEIRILIT—FENER
I TR, BRI LE X A ND 4 RTEIERT R X ERIC OV TERT B,

3.1 Hy—=I#E
F9. F—UHETHIDN., REdRTTHERIIBIT A —U R Y o OEBE
1

/ d*zd? (Fyn)? (1)

495 4
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£ Y dimensional reduction % L T 515 4 RIcEmIT.
Vv

— d*z(F,,)> 2
1., (Fuv) (2)
ERD, 22T, Vik, RFEldREEROEKETH D, DFED, 4RO T — VAL,
1 1%
5= 5 (3)
95 Y9444

THZILIL, bbb ETF—URY B ED LD RRFIRICIZIRNE > TV TRESTND, ~
T REBEHRICB O T, T T/ —=VRHEb E b & 1 0RIED By x By 7213, SO(32) 7 —
HERNHER L TWT, UQL) HEimoBMEIbOBHRENH 525, SU(3) x SU(2) 72 £ non-Abelian
HOT—UFEEIEFA N A=V TRIVEEZTET 5, £7o. ~7T o BgMimix, Ehésr—
CHENHENOHE L THNDHDOT, A RY T AS—LE Mg = 1017 GeV L1FIERE - T
LES, 2FV. My TOF—VREO—HE2TET 5, BAEMIZIE, 3 XTOF— VO gauge
kinetic function (% f, = koS & E£HT T &2 TE | non-Abelina #FETIE, k, =1 T, UQQ) B
BlEL ko 1 DHIEALINFTH S,

Lov L, EUERTRN M, £ The<. HDWIEMSSM S M, £ TR EIEL, My TOF—Y
FEADOEREEZRY ZAHBETHRITL CADL EZD L) 2 —EIAonT, LOHEGROTS & I3
AL, 72720, BiE Tigm Lo Bakdsz b2 SO(32) ~7 n AR I BN TR, 2o
7 NZEMN ORI X0 ERBLL (3]

fa =5+ BTk, (4)

& SU(3) & SU(2) @ gauge kinetic function 28O E b, ZIZ T, a=SU(3), SU(2) T. Ty
X, kBHO T? OFFE%EFDT Kihler moduli TH Y, B2k, D T? EOEFERY T, SU(3)
& SUQ2) TRICRRDEEIRD, 2O XD BRAEHO BT T RS Z 62 SO(32) ~7T 1
RIGBRGRICR VT, ERE L BA ST WHEESH Y, BERNRBARICHEE L, 7 — Va0
KL R TE DAL TEARVERIZ &Y T 5 Z LN TE 5 [3),

—J77C, D-brane #AIZIBWTIX, SU(3) & SU(2) D7 —v &7 ¥ —T—xIZ¥72 % D-brane
DHIZHKIELTWT, b a7 FEMPTHRES R0, ERFERZABICHBITE S
EO g cx oM, BRI CED Z L 2P TH DL LRI 7 — Uk G O FEBRIE % 8l
TX DA L TEARVEANIGRERTX B 2 L vbhs [4,

3.2 HEAEE: HE - BIESORBEE

RET F—7 « LT R AT I HERDOBEDIRL L 72> TV D ONIEREER O KR CTH 5, £
72, TOBEEIIRELINTEEN, BE#EELZ LTS, TOEBRESMIZ. b v/ Ak &
DEIFEATHEZONARTHLINEDMENEE#KIEL T Z EABEHRL TS, EBEIZ, G
t 7 H I IERERERNC B W TR S D/RNT A—H 2 E LTS,
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HRHERHICB W T, Bix a8y NEM ET3AEANER S TWD, 1 xE, Zof
WZiEz Ry MZERINIC (M) JRTE L7 — RBFEEL, @B TV E— R OREEITTH <,
TNE— FIORESITRNZ ENEG IR TE L0 T, GG ORI & £ D L 9 72 % 7H)
B F v — CERMICHMES 5 Z LIXTE 5.

F7o, BaEV 7 Rk Z—ORE RS % non-Abelian discrete flavor symmetry CTERfiE T
XL TIEHRODE NI T AT T HBREANTFE ST D [5], — T, FEED non-Abelian discrete
flavor symmetry 7% orbifold D ~7 mRaLELEg [6] X° D-brane £ [7] THNLHZ &AL 6N T
W5,

DI, T EOHEAOE - HTE S TWD X Ol 2D, 2L X, Bk
AT 3 — 7 OEBELRAALEMEL 7 M OEBEOFEHREZRLI-HI2 8] THh D, O
Tl by FAMBHMIEEL, NT v T &S X —TlL 250 VEV 2{HEL, £t s #—Tik
3ODVEV ZIEL, TDOLERTA—=HIZLE-STND, iz, BIIFEEOLRBAHFIZIT1 S>OE
CaTdANRTRA=HKFENERN DD, TNODAODNRTA—EEIEL ENIE, V4 —7 - LT
FoOEE 6 DL CKM ZERELHEETHMEICTELZLERLTWVND, ZOBBOEMET
I, MR TEDRMRELERSOTVDEN, ZL—N"—0IELETF Y L VU I RETH L EED
D wFIR,

IHIZ, ZL—"—DOHPT, =2— ) VEHEOMBEITEELRPETH D, E=a— |
U EEOHEHIZIZ, £F&E=a— N JE2EAL, RK&R~Ia T TEHELRET H, KT, 5%
BANZRBWTIE, A&EE=a2— M) 2SS T 2RERMO 7S — VO b & TH0F v — V%
FEl2 70 WL I3 FET 208, 2 OHAICHRD 72 UL) MFMERFIEL, £0b L THEE =2 —
M) 2IEFry—2%boT0D, 2O U ®FEDR~ 3 7 FE®EZEET S, 72720, B
MIZNRIC KV, ZORFMEIRIND Z ENFHET, £ O%HA . 72 & 213 D-brane instanton %%t
T~ I T HEETERIND, TOB, #4772 D-brane instanton 23 A[AE T, T DO2K L L T/
FHIZRKRED B D555 1%, EORPEN AR ESND~ 3 7 TEHEITIIC MR I D, T2 2,
[9] R° [10] Tl ZHEI Z3,29 KWe~ 3 7 FEHBEATHINARK S I, trimaximal X bimaximal
REOERPFIZZ D R fEfH SN TnD, EEOLVT M v s 2 —ORAMIT, mEL T M
& ==2— 11U/ ® Dirac EEITHIOIRAMAICEH LD DT, trimaximal X bimaximal I2& 2> 5 — %
WZTNNEL D,

4 Moduli physics

EELERR X, 6 oL XY NEMOFELZ TET L0, £0Oa X7 NEMORE SRBER
DTE—FEET2TA LS EVa2TAM 5T, ZHGBORBNRE—RTHY, ZOWEMN
HETHDH, T, F— IR SITE 2940 > TWT, FRHDEAEDE
RfEIL, BV 27 A DMEIZE D, BV 2T A1, BEEmOFEBETIEZ 7y MR T7 ooy
Thh, EOXITEV2TAIEEEZH X T, TOEEZFDH ST moduli stabilization & X
Fi, ARSI TV D, Lz, BEEmO#EHBE 7 7y ATy L Tho b, IEE
IR LV R T vy VEERT AMERD D, T2 2L, TORT Uy VDI
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KEFME DAL T CTHRTFRL - ORI 72 AT bV ERTOThIVE, MAEATREMEIEH 5, F
7o, bEbET T RRT UV RN ELDLIRET 2TAIFA 7T N OFEMTH D, T2&
ZIWE, BV 2 TADOBEHITT 7 PRBEICE > TT7 Ty hART UV ARSI N TV D0, £
DN ZEa L b —LT 52T TL—ar~DRRNEnE LR,

Z D & 91T string-derived supergravity OFsfiA CHRALFPELFFHmICB W TEY 27 4
DEET WAL, D P UXERTHRIETEX D AREMEEZHE S TV ZERSHBREETH
LERZD,

5 FEH

BURTIE, BHERO a7 MR EZ T, ARTIEZ R X HmoEEY 0 2~ k
NI D ENEREETIO S — T3 3y —2 LT v ZFL Ty T RRITEET LD
e Ry MBIV IS TWD, Fi2, Fii X A TOBRBEELITHhIL T\ D,

EO X9 REREOER TIIBLEAFRIRRERIZ TSN TN D, IROBEE LTE, ED X5 el
BUZBNWTT —UfEA0BIFE G 7 EE RN R ERT OME N FHELTEX 208 W0WH 2 & TH D,
FTo. BAEBNCIR, BIEEHEEROEAZ EO L O ICERIICE B DHNE WD T LIRIEHICEET
HDHN, BEHFROBEERFHIIa N NEMTHY ZIUMHE LT 2 74 ODHFETH D,
FEV 2T OYMHEEIERL TV ZENSHBOMELE R D,
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ANTORZRBIZETHED 151 REL!
SURRTE SR 481
ZA HE

1 [XC®HIC

I E N E & T TR E o5t T’fx@fﬁ HimOEM E B2 b TV 5, LB D
a7 MEIZ L VB LNTRE R VT —F BRI\ T, BRI O 4 —2 « LT R D
B BEREOBEHmMEEEZTRHT 52 R ROLNATND, D55, Y%Jllﬁ%é\ﬁi“iki
737 — VR ERITEEHGROE Y 2 TAHBIEKFE L THE Y, £V 2 74 HoOREI B
b, D7 L—raEAIEEA 711 B @Fﬁu@&Ti%/174£ﬁM®/%)ﬁﬂﬁ%ﬂ
TWDD, AT aBlggfliRNZ BT 5E Y 2 74 OLREITMICHELWBELE LB 26 TWnD,

AAFTE TlEA~T R BERIC BT A€V 2 74 OLE(L & SUSY breaking # X4 —E 7 +
VR8T MEL 2, 3] OFAATEE LT,

2 SHARIEXNFA—E T+ FER

XA —E T H v Ra T MuDOPS AT, 774 U FICRT M A — e 7 4L K
EH TR NS, HIERE LT, £T1 0RTONT o BRIEGRE T4 U2 ar /"7 b
T2, 77400277 METEY 274 ZERIZBNWTZ NV ARITE ST H DT, 4%t
TOT—=VHEIRRT 7 2 25 TNy A3ND, T4 RFI3EL T mMOER & (pr, pR)
2 even self-dual SfEZW 72T L XICE V2T — AL L2 6 RTZEM O &S B ¥, Wilson
line lZX > Thitib b, 4RILDT T A U ERIZSUSY DN =4 Th D, SUSY 2% &
TEDICA—E T ANV REAEBE XD, ZOLET T4 UK FITAEAIERFRAEE Z R > T\ 5
72, A= 73V MERLELAIENHRLDERD, DFEV 0, A0rp L&D, ZDOE XY
AR DEDOA—E 74V MMEAE LD ZLICEVEY 2T —AREL D, ERENTHA—E
TANVRNERITEY 294 ZEHTOZ U NV ARDOHBTHRETHLATEO, 7 —TF7—FT2T7(7%
EO/MANRETY 2 T34 — 7 4/ FERIZIZ 7V —2F5 [4],

ASENIN =1 #EBT 5L HER Zs FEAHA— T 40 Na T MeaE 25, BEW
IRRAEERIL 3] # 2L TUE LV, MR E LT, AL xU() x B¢ BT 4 U128 L.
EmE&~D>7 MEH VL EAmME~DY A4 A MEH tg

VL = (0, a +2a2 ,fal 20/243,7a1 2a‘243,a§43,a?3,a33,0 0)/3, (1)
11 2
th=(0,,-, —= 2
R=03,3-2) 2
179, ZOERIEEY 27 —RELME
3VP2 € 2Z (3)

Lz oI/ MRE R (Ab#EE ). Florian Beye K (445 RA%E) & ORI,
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Label | Irrep. # Label | Irrep. #
Qi (3,2,1,1,1)1 6 3 U; (3,1,1,1,1) 5,3 | 3
D; (3,1,1,1,1), 3 6 D; (3,1,1,1,1) 4,5 | 3
L; (1,2,1,1,1)_4/5 | 9 L; (1,2,1,1,1)1 5 6
E; (1,1,1,1,1); 6 E; (1,1,1,1,1) 3
Q1 (1,1,3,1,1)0 9 Qy; (1,1,3,1,1) 9
Qo2 (1,1,1,3,1) 6 Qo (1,1,1,3,1) 6
Q| 11,1,1,4) 5 | 3 Q; | (1,1,1,1,9),), 3
QY | (1,1,1,1,4), )5 3 Q) | 1,1,1,1,4) 5 | 3
S (1,1,1,1,1)9 12

#1: D7J v MR EIRNT- %O 3 HRBROASEROFS%, SU(3)c x SU(2)L, x SU(3); x
SU(3)2 x SU(4) x U(1)y IZBIT 2 &BL 2T

%o 729 72 SO BT J 72 5 I3 AR X AL B
ZOWRBIDFEHEEARY NV EGBAIRD & 4 RITTEBLOFRFS 7 — UREE

SU(3)c x SU(2)L, x SU(2)? x SU(3)% x SU(4) x U(1)*° (4)

T 220D —=UREEND, ZTOMDF T, TUoVA AN X2 12x 3D, Zs VA
A NI H =236 x SEOLGRFET D, 22 T3D7 77 X —F Zs fEAIZET 5 degeneracy
NH<L %, 10D UQ) MFED > HO—2137 /) ~F AU MFETH Y, L—T DEhRIC
Lo TCFIEEZEYHT, ZOMREZEDT-D 7T v bz &, effective 727 — JFEIT

SU(3)c x SU(2)L, x U(1)y x SU(3)* x SU(4) (5)

LD, ZOREOHNEGROFF %% Tabel 1187, 2 O IEAERIEE SU(3). x SU(2)L x
Uy lzBWT3tRorA4—2 - LT Mo E2FSL, KROBKIF I 2 —F7 47 b LLIL1H
FCh B, £17 SUB) x SU(3)s x SU4) 1t hidden £ 7 % — T 0 . ZHERORHZANT 9.
6. 6HOT7 L —N"—%F->T5,

3 T4 hUREEL
W, BFHNT-AEFROFFD SU(3)2 x SU(4) hidden 7 # —IZiEH LT 4 7 b OZEE(L
Zifamd D, SU(3)g hidden £ 27 #—136 7 L—r3— (Qo, Q) ZHi DL, SUM4) BV #—tH F1-
6 7 L—— (Q),Q)),(QL,Q)) ZFD, TNHDRYF—F4 7 RTFA—R—RF LTy LD
EIRITCIED B effectlve REEHZFLO 5
U

Z szJ(Sk)Q21Q2J+ Z Sk QQ + Z Ql’l@j'

ij=1...6 ij=1...3 i,j=1...3

2 CHEEITH mag, mi;, mi; 13 1 WIS S; OFZEIHEIKA T T 5, LIF TR O 0, B
%ﬁmﬁﬂﬁ%&%mnmfwmlm]—m@—mqmﬁofﬁﬁﬁéo#o@hﬁ@nt7&—
DHAFTI VALY, F—2— BN Z 0 LU O XK 9 72 racetrack B DO FEFEE ) 70 A — /3 —

AT AR5

(6)

W = Msm%e_8”2S/N1 + M§/2m/3/2€—87r25/N2' (7)
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log1QmyMs)

-10F, I N I I I
-10 -8 -6 -4 -2 0
log1Qm2/Ms)

1: (mg,m’) @ allowed region, 7 « 7 b OEZHFHEN 1 < Re(S) < 3.5 OHEiIFAZT~T,

F77 v MRBEERES L. T4 7 MO BEZEHRHE

< 0 [ (3) v (32) Soca ()]

& 7%, Figure 11T (mg, m’) @ allowed region Z/~7, 7 4 7 b DEZEHFHED Re(S) ~2 T
BRERNRT VG525, BEOMONATRREEOMAEDEEZRLTEY, my & m/
DI 10MEEDEBKETH L Z ENbh D,

4 s

AR TITFEAA—E T 4 Fa "7 MEDFIEIZLYD, TN A LS =V EZFFD 3
A R FME YERRRY 2 BARAICHERL L, B8 0 hidden & 7 # — % f#fr4 % Z L 12 X - T racetrack
AHZALZEVT 47 b UGEBENREICRENTEDLZ L AR LTz, ZOBRIEE 5 —D
SU(3)1hidden 27 # —% & A TEHY | £hIT X - T Intriligator-Seiberg-Shih B D #7227 72 122
\Z & % SUSY breaking ZH&IAD A FREMEN H D, T AU DWW TG X e X BARPY 2248 C D Hf
FTEIT D,
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REITIVI ITL—2FROENE p-soup ETIL

SRR RE R4 1 2
42 IERRR

1 [FLHIC

BEZHGERIZ 10 kot (LA L) OBZETEFRIND Z ENRHMTH Y, A BT D 4 oo
22 OBBREHLNNITAMERD D, TDOT 7T —FIIREL<HITT2o055 L Ebhs, 15
I, RO 6 RITZERITa N7 MEERTWE EWIEBEZ T THD, b 1o, Fbir 4k
TCRFZEIZ IR 2127 T VR — D X ) RFEIZPALIAD G TNDH E VNI EX T TH D,

TIEZDE, BIRTHZEDT T v I HR—V (T T v 7T L—2) OWEENIET HZ LILE
HCThHhHHEEbND, 7T v 7T L—r LITBEAGROMTH Y FrREAEE 2 22kt
IEMBDHDTHDH, BiEHHR R EOT L — BRI EZ B E T - T-R7EeEZ 25N 5,

BExix, 20770 77— L TH LWIBZIREZ L TEBY ., p-soup ET /L EFEA T
5o ZOETNATIE, 7 b—2RIEIEEES L T T, REICHA Lo S cEixEY | )
fARREZE-o TV D EE XD,

HARW R m o FIEIZRO®@EY Th b, £33, 7 L— B HAERT 2 2OEIMERZRKD
e TL—V EOF =V LRODLIGEIX. AN T—ET 2T OHEMEREE 25, BE
TGN RO LGEIL, Tr—T T L= OERZMES, RIZ, ZORMERZT Z v 7 71—
NTHIG LWHE TS %, ARERICIEN DR TH DD, —MOE ) TIVEREEZM 5 On
HRTH D, 2. RICARIEEDODRZRTHALD T, BiIMFE— FCTETE S, HlzIX, &
ESMERT AN T=5t) =", e Tt 23z 2 f- L & | BRIy v = O 1T v ~ o AT
T, 2oLl tEflioT, MHELZFIL TV DTHD,

Z D p-soup ETNORMEHIEEME D & Kix 72T T v I T L—2DRNBNT LIVICEm CE D,
INNIZDETNLVORETHDL LFITEZ TS, KT, T L —rREFEET L —F
DFFHT % fEHEITHE LI E S

2 FFIL—2ROENR

Bl LT, TR DT L —rRE2E2LH (1), 777 Dp 7 L—R0F—VEEIE (p+1)
Kot super Yang-Mills BlGi ChH V. ZOHMMERZH-> Tilin T 5, £7, BZREDY DAL
T—EVaTA ¢ ODENMEMZRD D, (¢ IFEESFMOT L—rONEEZRT,) AHMEAOHE

H T
; N 1
SDClgSS“:al = Y /depaz E <2 8”(1)58“@[1) (1)

ThHo., 1 LV—7EHNT
7=p I I\2 I au il \2
S]%I;f_jl?ig _ _/depr ( 2171 <2(aﬂ¢abal/¢ab) i (au¢aba ¢ab) >+

T
a<h (4m) 2 |¢ab‘7_p ’¢ab|7_p
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Thd, 22T, ¢l =9l -9l THD, 2—TLEHLFHEITITRD BN D,
ZOEMWMERET T v T L= ORICEBWTHHMET 272012, RO 3 ODFEEE L,

BEL 7T v T OWMBI IR A — )L ¢ BETET Do (ZDART—IVRRT A XL
ST B L2 D,) TRTOT L—r R UA—F—OHEEZ T T\ 5 &35,

By ~ Gy — D~ ¢ (3)
BRE2 ARBERTHLZ LY, MFEE— NERZE 2T, BOERBEKRFEEZRET D,
0l ~ ¢y — o) ~ T (4)
ERTE 3 AIRFEIKICIEN AR THLNG, HLFEOE Y TIVEMREZRTONHRTH D,
SBI;SSicaI ~ Sg;e:lpoop SDp (5)

INOHDORED FCTHHELZIMET S Z L&, p-soup ETILLEFEATHS, Dp 7 L—rfE+E
BN TV T (0 £ 0, Z7—u40) . BEICHA LS cEixEl%, 2ok &, A201EHZ M

oL 2 12 273
classical N qu one-loo N=T
%plw/ﬁxlx, Spaeob /#x&m (6)
LB, EBIC, V=T RBEOZKREBNFE A —F—THDH L LY, Dp 7 L—REEIZRLS
Ef’ﬁﬁﬁb‘fb\éo ZolE, BEIHEBNIOEBEICHON TWAMELZHHTLIZENTE S,
Z X, free energy &R T A X BT

9 2(7=p) _3—p 21
Fpp ~TSpp ~ N“T 52 X752V, ¢~T5r)\5-» (7)

LR bhD, FATRTTv s M7 L—rRb, ok [ARCHRT 22 ENTE S [2),

3 REIL—2ZROEN

EEIIRET AT L —r R TR, BRI —VHHmAEX T I L3 L., 6o T, BEN
HHER &kwf\7m~77v—/@ﬁﬁﬁﬁ%@ofﬁﬁﬁézkmbiﬁmqo:@&%\7
T I T U=V ERBE LTS T L— a2 — T oA T a—7 L AT, v —7 0 Rk
XTI I T VL=V EDOLDEME S, T OfRIT—#%IZ

aa+1 D—d—3 d+2

dsh =[HS IIH1K'MH+IIH1Kd + z:]]H'A<wa+§:m: (8)

A

LW EHIREE LTS, T2 TIHHIDWEIEITHA LW, K20 EL2 D7 L— 20N
WBHHENIL H P B 22 Th 5, Gu:1+%wid+2ﬁi®%ﬁ%ﬁfﬁéoK:1+§
HLEETHY, 7—A P LERICBWTEDHEE2%£7,)
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BRfEIE LT, DI/D5 7 Lb—rRaEZX LD, T U=V BIRRLH LT X Tar Ry Med
HTEELT, ol b IRILMZETOT L—OIRA TN ZiEim T b, £30%. D1 (¥721XD5)
TL—rvE 1M, Ta—T7LLT#®RS, ZLTC, DI/D5 7T v 7 7 L—rOEIRE I R L
T2, L&, Yu—77L—r0 DBIERAIT

1 1
probe _ - HHs# [~ —1
SP1 ml/dt< : 1Hs0 : (9)
Lind, TIT,
2 2 4 4
Hy =1+ 77 Hy =1+ %5, 2= m1fsQ1 S m5f5Q5 (10)

Thsd, ZOEMEZ, BEHEGOTLBENELS R8I, TROLENER G £ 7 L—r 0
ESVVINS fcﬁ’ﬁﬁﬂiv = 8# << 1 TR 5, %EDOFRMITR= 3L F—E A T & [FRFIZ, near-
extremal #8812 < 72 r2 A LEWT L, Z0E X, AMMEHOEEIHL

2 2.4
probe __ mirs o  M17TT5 4
SDI = /dt <2'U +77“76U + .-

2 r 8
probe ms T% 2 M5 T?)Til 4
A K U AU 4

D, BHEM G oF v — Q1, Qs DIKFEMEAZ RS L, MZ L BICE 1HEITZ1IKDODL & 1K
D D5 N 1 EHOE N2 8T DMEMER, 5 2HIL 28D D1 & 28D D51 3HOEF558
BT HHAEREZRLTND Z ERTAIND, 5T, T XTOT L— T 57 n—77
L—MERZRLETFS & iﬁ%x@@ﬁﬂ%%%&@io EBEEXFTFZLENTEX D,

o0 1 n
on—1 MMy P2
Sois = [t L. L~ Y > (05" T ) (12
Y[
n=1 i15ein=L17j1,....jn=1 k=2 1=1 ivik i1

B 5 IR LTI, n&@Dl&n&@DS#@n—D@@Eﬁ%%ﬁ@?éﬁEW%f%é
RN, ZOim CITAIMEAOFHDREE THRO L Z LITTERY, Zhixkd 5
Eﬁ%&?ﬁ&@uiﬁﬂi%%aﬁﬁ“ézgﬁ%5031\ SR OMFERE & L7z,

ST, 2O LTHEoNAMEMEZfE-> T, ROMHEELFEL X 5, ZOHIEX, FAT7 11—
VEROEGELRILTH D,

o WIHIR A —VDRRGE © T —Tj~r, U—T;~v
o UUTILEM GRS 0 Li~Lo~---~Y Ly
o IRERAAFMEDRE (IAJFE— FEH) : v~alr
D1/D5 7' L — 2 R CTEEEICHHET 5 & |

2 oF
F~L~ G r~ GsTv/mimsQ1Qs5,  Sentropy = —ar ™ TGsmimsQ1QsT (13)

L7 BENEGRNPOMOIATNDRERE —H LTS, ZHiED1/D5 7 L — U RICER LT,
—{ DO IED Einstein-Maxwell-Dilaton & T extremal MR 2 2% THIVE, £ o 7= < FFEIZE
WmTAZLENTE D,

50



Soryushiron Kenkyu

4 BhYIC

AFEZBWT, p-soup TET /WX TR T T v 7 7T L—r DR TR, BEICRAELEZRIC
LHAWTHR CTE DL ERN Lz, a7 T v 7 7L —2DRNBRT LIVICER TE D DIL,
ZDETIVHRFFORE RS TH D, T2, #EKROER (T L—rnER-o72, By JAMHTO
igam) CIXE7e v HOO UV TOME QUHEST — « ExNn7e ) 20D 0ES 720,
WrT, 7797 T —rDRuEL0EA LT MTAT, BT TCODAREMENRDH D LB 2
BD, LLARRG, BREEETADLELNARVDIIRE LKA THD, SHEOMETRIEL
HmRLTWETZWNE-S,

References
[1] T. Wiseman, JHEP 1307 (2013) 101 [arXiv:1304.3938 [hep-th]].
[2] T. Morita and S. Shiba, JHEP 1307 (2013) 100 [arXiv:1305.0789 [hep-th]].

[3] T. Morita and S. Shiba, Phys. Lett. B 747 (2015) 164 doi:10.1016/j.physletb.2015.05.069
[arXiv:1410.8319 [hep-th]].

[4] T. Morita and S. Shiba, JHEP 1509 (2015) 070 [arXiv:1507.03507 [hep-th]].

51



Soryushiron Kenkyu

Thermal Correlators from Rindler-AdS,/CFT,
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1 Introduction

The purpose of this paper is to report a simple Lie algebraic approach to momentum-space
two-point functions of finite-temperature conformal field theory initiated in Refs. [1, 2]. For the
sake of simplicity, in this paper we would like to focus on frequency-space thermal two-point
functions for a scalar primary operator of one-dimensional conformal field theory (CFT;). We
shall show that conformal symmetry for thermal two-point functions Ga(w) in frequency space
manifests itself in the form of linear functional relations (or recurrence relations in the complex
w-plane)

—1+A+
Ga(w) = ﬁ%(w +i27T), (1)
27T

where A is the scaling dimension of scalar primary operator and 1" is the temperature. All
the real-time two-point functions are turned out to satisfy these recurrence relations. To de-
rive Eq. (1), we utilize the AdS/CFT correspondence and consider the two-dimensional anti-de
Sitter spacetime in the Rindler coordinates (Rindler-AdSz). The Rindler-AdSy (aka the AdSs
black hole [5]) is just a portion of AdSy where the time-translation Killing vector generates the
noncompact Lorentz group SO(1,1); see Table 1. In an appropriate parameterization such an
AdS, portion can be described by the following black-hole-like metric:

5 r2 9 dr?
dsRindler-Ang = - ﬁ —1)dt" + ma T e (67 OO), (2)

where r = oo corresponds to the AdS, boundary while r = ¢ the Rindler horizon with ¢ being
the AdSs radius. In contrast to the well-known global and Poincaré coordinate patches, the
Rindler-AdSs becomes thermal thanks to the SO(1,1) time-translation group and is known to
be dual to a finite-temperature CFT; with nonzero temperature T = 1/(27¢).> The goal of this
paper is to show that, with the aid of the real-time prescription of the AdS/CFT correspondence
[6, 7], the recurrence relations (1) just follow from the SO(2,1) isometry of Rindler-AdSs. To
see this, it is convenient to introduce a new spatial coordinate = via

r = Lcoth(z/l), x € (0,00), (3)

!Thermal aspects of Rindler-AdS have also been studied in [3, 4].
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. time-translation group frequency spectrum
coordinate patch Lorentzian Euclidean Lorentzian Euclidean
global SO(2) SO(1,1) discrete  continuous
Poincaré E(1) E(1) continuous  continuous
Rindler SO(1,1) SO(2)  continuous  discrete

Table 1: Three distinct AdS,; coordinate patches. The time-translation Killing vectors in the
global, Poincaré and Rindler coordinates in Lorentzian signature generate the one-parameter subgroups
SO(2),E(1),S0(1,1) C SO(2,1), respectively. It can be understood from the following that the Rindler-
AdSy; becomes thermal: i) the noncompact Lorentz group SO(1,1) becomes the compact rotation
group SO(2) under the Wick rotation; ii) the spectrum of compact SO(2) is always discretized; and
iii) discretized frequencies in Euclidean signature are nothing but the Matsubara frequencies in finite-
temperature field theory.

where x = 0 corresponds to the AdSs boundary while x = co the Rindler horizon. It is easy to
check that in this new coordinate system (¢,x) the metric becomes conformally flat:

—dt? + dz?
ds?. = 4
SRindler-AdSs Sinh2 (/) (4)

In the following we shall analyze a finite-temperature CFT; residing on the boundary z = 0.

The rest of the paper is organized as follows. In Section 2 we first briefly discuss unitary
representations of the Lie algebra s0(2, 1) in the basis in which the SO(1,1) generator becomes
diagonal and then introduce a coordinate realization of SO(2,1) generators which are given by
the Killing vectors of Rindler-AdSs. We then derive the recurrence relations (1) for frequency-
space two-point functions in Section 3. We shall see that two-point Wightman functions and
advanced /retarded two-point functions are obtained as “minimal” solutions of Eq. (1).

In the rest of the paper we will work in the units £ =1 (i.e., 20T = 1).

2 UIR of SO(2,1) in the SO(1,1) diagonal basis

Let us start with the Lie algebra s0(2, 1) of the one-dimensional conformal group SO(2, 1), which
is spanned by the three self-adjoint generators {J, J2, J3} satisfying the commutation relations

(JL T = +ig3, [T 03 = —igt, (T3, T = =i (5)

Note that J3 generates the compact rotation group SO(2), whereas J! and J? generate the
noncompact Lorentz group SO(1,1). We are interested in Unitary Irreducible Representations
(UIRs) of SO(2,1) in the basis in which the SO(1,1) generator becomes diagonal, because, as
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mentioned in Section 1, in the Rindler-AdSy the time-translation Killing vector generates the
noncompact subgroup SO(1,1) C SO(2,1). In order to study the UIRs in the SO(1,1) diagonal

basis, we introduce the following hermitian linear combinations:
JE = Jr £ 8, (6)

which satisfy the commutation relations

[JYJE] = +iJE, [JT, 7] = 2% (7)

The quadratic Casimir C of the Lie algebra so(2,1) is given by
C=—(JYW = (I + (I = —JYJ £i) — JTJE, (8)
which commutes with all the generators, [C, J?] =0 (a = 1,2, 3), as it should. Let |A,w) be a

simultaneous eigenstate of the Casimir operator C' and the SO(1,1) generator J! that satisfy
the eigenvalue equations

C|A7w> :A(A_ 1)‘A7w>7 (ga)

JHA, w) = w|A, w). (9b)

It then follows from the commutation relations [J', J¥] = +iJ% that the states J*|A, w) satisfy

the relations J'J*|A,w) = ([J1, JE] + JEJY|A,w) = (w £ 4)JF|A,w), which imply that J*
raises and lowers the eigenvalue w by =i:

JE|A W) o |A w +14). (10)

Let us now turn to the Rindler-AdS, problem. In the Rindler coordinates the Killing vectors
of AdSy are turned out to be given by the following first-order differential operators:

J' =0, (11a)
J* = e [sinh 2:(i8,) & cosh z(id;)] (11b)
which indeed satisfy the commutation relations (7) and are (formally) self-adjoint with respect to

the integration measure \/|g|d>z = dtdx/sinh? z. A straightforward calculation shows that the
quadratic Casimir just gives the d’Alembertian O = (1/4/]9])0,+/|g|g"" 0, on the Rindler-AdS,

C =sinh®z (-0} +92) = 0. (12)
The eigenvalue equations (9a) and (9b) then reduce to the following differential equations:
10 PA (T x) = wPa o (t, x), (13a)
AA -1
(—a,i + (2)) Dpw(t, 2) = W PpL(t, ). (13b)
sinh® x

Notice that Eq. (13b) is nothing but the Klein-Gordon equation (00 — m?)®a ,, = 0 for a scalar
field of definite frequency, ®a ,(t,x) = e"“!® A , (), where the bulk mass m? and the scaling
dimension A of dual CFT; operator are related as A(A — 1) = m?.
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3 Thermal two-point functions

A finite-temperature CFT; dual to the Rindler-AdS; lives on the boundary = = 0. To analyze
this, let us consider the following asymptotic near-boundary behaviors of Killing vectors:

']r}ear = hIT(l) Jl = iatv (14&)
ncar 1= lim J* = ¥ (iz0y £ i0)) (14b)

which of course satisfy the commutation relations (7). The near-boundary quadratic Casimir
Crear = —J oy (Jrour £ 1) — T JE . takes the following simple form:

Chear = 2202 (15)

The eigenvalue equations (9a) and (9b) near the boundary then become

10, PN (8, ) = WK (1, ), (162)
(—6§ + 882 ”) ne (1, 0) = 0, (16b)

which are easily solved with the result
K (t, 1) = Aa(w)ze ™ + Ba(w)z' e ™, (17)

where Aa(w) and Ba(w) are integration constants which may depend on A and w. Substituting

this into the ladder equations JZ, 1 oc U, . we get

(A + w)AA(w)erfi(wii)t T (i(1—A) + w)BA(w)xlfAefi(wii)t
x AA(CU :l:i)er—i(w:ti)t + BA(W ii)xl—Ae—i(wﬂ:i)t’ (18)

which imply the following relations:

(1A £ w)Aa(w) x Aa(w £1), (19a)
(i(1 = A) + w)Ba(w) < Ba(w £ 1). (19Db)

Now we are in a position to derive thermal two-point functions for a scalar primary operator of
scaling dimension A. According to the real-time prescription of the AdS/CFT correspondence,
the frequency-space two-point function for a scalar primary operator Oa of scaling dimension
A in the dual CFT} is given by the ratio [6, 7]

Ap(w
Alw

~—

Ga(w) = (24 -1) (20)

Sy
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It follows immediately from the relations (19a) and (19b) that the ratio (20) satisfies the recur-
rence relations

-1+ A +idw

Galw) = —A +iw

Ga(w £ 1). (21)
We emphasize that, in contrast to the Euclidean case [1], w-dependence of Ga (w) is not uniquely
determined from Eq. (21) and there are a number of nontrivial solutions that satisfy the recur-

rence relations. Among them are the following “minimal” solutions:?

G% (W) o ™ (A — iw)T(A + iw), (22a)
/ I'(A £ iw)
Gg R(w) X m, (22b)

where proportional coefficients are w-independent. The solutions Gi(w) correspond to the
Fourier transforms of positive- and negative-frequency two-point Wightman functions, GZ(w) =
[, dte® {(OA(t)OA(0)) and Gx(w) = [7° dte™“ {Oa(0)O(t)),® both of which have simple
poles at w = +i(A +n) (n = 0,1,2,---). On the other hand, the solutions Gi/R(w) cor-
respond to the Fourier transforms of advanced and retarded two-point functions, G’g(w) =

i [7 dtO(—t)e ([Oa(t), Oa(0)]) and GR(w) = —i [7_ dt ()™ ([Oa(t), Oa(0)]), each of which
has snnple poles only on the positive and negative imaginary w-axis, w = (A + n) and
w = —i(A+n) (n =0,1,2,---), respectively. It should be noted that the Fourier trans-

forms of other real-time two-point functions such as the Pauli-Jordan commutator function
([OA(t), Oa(0)]), the two-point Hadamard function ({Oa(t), Oa(0)}) and the Feynman propa-
gator 0(t)(Oa(t)Oa(0)) + 6(—t)(Oa(0)Oa(t)) are all given by appropriate linear combinations
of (22a) and (22b).
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EYETH, Lonl, TOMVIALBENHET 2EIX, EREE &L, ZZTERIn
72U, Connes DGR & B2 0 | GIFHAEEHERE v 7 ART % L OBREOMIZIX
BR300y, Z D72, THREINIFF-72W A, 0 AR FTREMEIZRIES LD,

ZoWETREINT (22) RO— b S - AR X, Bk T5 2 k?bi‘HjEEé Z k iz
EELLD, flx i bty A o CHTHT AT T ¢ HETHRR AT O E
— A ST LA IR

1
D, = D,ww! — ol {@gwa + B L¢w'w + [AL(QDT ©) + LByp + (C + 0575)} w} (27)

DEIBRETHEZOND, TOANT—H ¢ IFA 7T N OEREZHE LD ERHKD,
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Asymptotic Safety and Quantum Gravity

Nobuyoshi Ohta
Department of Physics, Kinki University, Higasi-Osaka, Osaka, 577-8502, Japan

1 18dIc

BEOFER FimIcB W O bEERMBEIIE FENZ M L TERL L, ENOETHIRE
MY ANDZEThD, TA v adA B0 IARARETIEARWZD, KRV —H7%)
i B DL, 22T, PIZIEREE LD EEREBPWVOTHENS Z LIZERT
B WHEIZTOX ) e@mkEIL, BETRICLA/NISBRMIEEE LB X W, 22 CrGs
BZCEOHENGD EHGN ED IR EINEZEZDLZELHENITHAH, TDHE, T
ENETHNRER A5 2500 LivZewy, 28R 6 4 koe Tk, ihiEEo 2 IEERILM 0 A A AT
BBTHAHI ENStelle ICL S TREINLTWVANLTHD, LrL, Bigha=F U —Tl3no
EHL Do TWVNDHDT, BEITEZR,

L AR, 3IRTTHE)TORERERNH 72, TNITIRIT T2 =% ) — @iy =
NRFRETH D Z EBDN-T2DOTH S [1,

1 1
= — /d3x\/fg[0R —2Aog + aR? + ﬁR2,, + —Lrcs|, (1)
12 w9

BIRIET A ¥ aZ A CHERITITAHEITROA, TIUCEBMAEETTMA S & BEAELA
FTIV A/ T2=F)—ICHLDOTHD, L1b, ZOLE#EVIARETH L RN H 5
EEZBND, LIZD-> T, 3R TIEH L0, D Ta=2 U — TV AL AIRE/R B ) BGEH A T
O LRV LT D,

INZMRDHI2DIC, ETHEHDOANRY T L &G~ 5LV (off-shell analysis) 3 ~T D%
BOGED2=4 ) —CRERBGROMBNT > 21T 572 [2], S DITHTORE R, ISR L A
HATREMEIL, £ 3ICa2 =4 Y —RHROEAEIZIE ) E< WRNnZ b bhoTe 3, ZO%HE.
HIIOETFEEE 2 HI21T the asymptotic safety (21D L& E 972520615,

asymptotic safety & 1X, LTO LI RBXTH D, MV IALNARERHGRICHWT, EE)EH
OO FEEZT-V, @M EMTINZ 5 EBVIARFRRICRDZEDD D, £, &0
IABARE L SO A EEG T H . iR Tld Landau pole @ X 9 7R 3EMERRO R BN EN D . &
TRNAX—TRGTEENEERIZTE S EZ20 L) EITE . 20 well-defined I TX % &
BEZ 6D, ZiuX Weinberg IZ X DI S, 2D &L 9 72 B§R % asymptotic safety & FES,

Z ZC. asymptotic safety (30 IAZAREMEL D VIS TH D Z LITHEET S, et b,
ENBERTHREATCEDFAITEESIZR>TWHER, b L IR TREGROEESR THD
725 (HET) ADRILOMEEHIL0 TN WTRWI Lichd, RERL, ZOfREERIT
B IAHRBEZ L D = p VX —THADLOHNL TV B Th D, ZO%HE, ADRITOREE
BAEFFOM D IAHRARFRRMAE/ERITZZNWE WD Z &2, BRIV IAARREEE WD Z &IT
2%, DF Y asymptotic safety 1LV AL AIEER R Z B LD TH D, (QED O X 5 7o BRERIX.
asymptotic safe TIZZRWS, @=L F—TH LR & 1EE 2 bNe,) Z3 512 asymptotic
safety 13, BEEGHI2 =4V —MEIZ 27206, RLEEMR EORBEN WA IBERNER TE
TN EWSITETH D,

S
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2 &Y IAHFED Wilson iR

M IABEER B Z DERICEE 20N, Wilson WANEEGR CTH 5, BEEA T —/L k TOWEE
FER T A EIERIL. B LV REWHOELZIZOVWTHES L TELND, kITILBEIEREY O TR
ZhHz2, BONTEHERRO kRTINS Wilson OV AR EZ 525, Z OISR D
N—=ZEEPEGOND, ZOFELEEDOE R, EEDORITOSEIZEM LT,

NR— KBS E B RFFRZERNC LT, TA v a ¥ A CENFMICTFHEN S D 3 Rt D &
WOy BRI R U CRMER L2 fER, BT OF R ToREERIT LT, HEAMREERDH 5
Zenbmotz A L LERSERISIHERIC LTI, R, & R? OEHZXHITERVOT,
FEEDRILT, HEEDOE RO DEERN—F % Roberto Percacci & & H1TRKD 72 [5],

TERIZ

S = /ddxm[l(aR o2l iy TDR} 2)
K2 2\ p 13 ’
Z ZTC? 1% Weyl tensor @ 2 3, E % Gauss-Bonnet JHAZ K3, ZOMHIC LY, 4 RITDN—H
B LV EERZ RO, 22T, FHHEDOEERDMEIZF—VARETHL Z L bR L2, IE
WERMEAHITEHEENLE D DIIDNLR, £V DIIMELOFELELEZ RN ENTR0NETH
B, Flo, 3R B RITLL EOW T THBEERNHH Z L 2R LT, ZDZ L%, asymptotic
safety L WO BRSGN, ENTH L THD THL Z L EAMIIREL TV D,

3 f(R) EH

e IABREDTIEL, BEIZEAETE 228, BRI B B2 R 51213, Bamz iR L2
UL B0, B2, O RHCZIENEMZR 26 5, ZORE. B 72 B T asymptotic
safety 23V NLD Z & ZfEim T D DIXRN 7R EE LV, 7272 A £ TOMr Tk, WIZFEA P
[ E R RDH > TEY, asymptotic safety 1LELWHHTIERWNEBZZ LN TWVWD,

—J. TOMDOLE FETORLEOMBERE LT, F—UEGFME, GFEONRT A NI E—Tva Uk
MR ENFET oD, £ 2 THEFA DB ZT-OIE, d RolZBIT D L0 —D/EH

5= / /g1 (R), (3)

EZ, f(R) KT D80 IAHRBEFEEHT VWS 22 ThD, ZRETOL S 72, flHlxDIH
HEZDLHDTIERLS, MR ROEEBE A2 25, 2. 2O0DFHEBEDOELEDNRT A N P—
vari LT

Guv ::gup(eh)pua (4)

AV, ZOMRGHE Lz, BEFIXERD T —VUABIRD L VIFERH D Z EnbhroT,
IR T, TOFFMEZRET 5,
Hld d IRTTERIE & T %,

_ R

]%upua‘— g(&f:‘Ij(guugpa _'guagup) (5)
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HOED2WROIET

1% = %f”aa Dh-—V”VVMW-+RWmﬂﬂ24—%ﬂ(§ﬂ%hminV+(vMMWV
44mvquMW-RWJWV)+szhW7ﬁ-1hDh+—RWWBMWhaﬂ
PP = 202,) + 5[ FRIg — F BRI, (6)
L%, F—UREMERDITIE, RO York HRE S OREWT LD T,
huw = hlp + V& + Vio&u + V,u Vo — kwv%+§%m, (7)
=72 L
VLT = g hIT = V,60 =0, (®)

Thd, £75T5E. EHOF—UREREH 5

1
18), = L f (BT (- 72+

erp 4

2 TT pv
&EI:ESR)h —+h< F(R) R)h
d—1 12(d-1) ,, = , R d—2 » R
4ds{ d fUﬂ< v _d_1)+ f(ﬂ( Vimas % )
LB, T Ts=h—V20 37—V RERYTHD, exponential parametrization DIFE, 7 —
VHHE 1 THAD! F—VEER

_ 1
Sar = %0 /ddxﬁg”VFqu; Fy =V ,h?y - ﬁ%v“h : (10)
ETH L A= NOERI
%hz/ﬁwﬁxW<%V2+(1—2ﬁ§ )V@V”+RJ>CV (11)

D, F—VETEHEE S —VHBAEOEE, I—A MOFE, York 53f#D Jacobian D H-& %
BT oL —UIZE 8T TXTHBIE L, BRIV REIIRD ZEBRHEIDLND, T
FiE _EFL D exponential parametrization Z > 7-FEH TH 5,

4 ABEERYAHEHIEN
SORE, R E LTI 0 AR I

po— L f'(R)Ry (D) + f'(R) Ry, (D) L Ry(O)
L T O oy > 5| 2 Y| PO -Ey - LIR|’
fI(R) (Pe(0) — Eg) + d(d—l)R) k (1)~ 3
g | PORO T ERO) 12
F1(R) (Pu(O) = By = 75 R) + 5525/ (R)
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THZLNDZ LT D, Ry MEAT =k OFERS . B (s =0,1,2) 1327 T — RO
I, Ry(O) 13U cdH %,

E(Q) = —OtR, E(Q) = —ﬁR, E(l) = —’}/R, (13)
P(0) =0+ Ry(0), O=-V?+Ey), (14)
(RATILEIR DA D% 52K T, ) Heat kernel BRZ AW CEFET D &, 4 ke TOEE R
fERELT
3272 (¢ — 2r¢’ + 4)
Cl(gbl _ 27190”) + CQQOI C3(Qb// _ QTQDI/I) + C4§0” 05 (15)

6+ 6a+1)] " 2{e"B+BB-Dr]+¢} A+ (47— D’

155, 7272 L
_ _1 2 _i 2 3_?2_0‘ 311\ 3
cl—5+5<3a 2>r+<15a %" )r +(5a Q + )T ,

72 2 72 " 9072
<3—40+1M&1—Ur+<&m2—mm_~£yﬁ+(ma?—&ﬂ_fi+fﬁlys
o 18 36 ' 4536/

011

511 511 3817) 3
360

)r2+<53+%52_75+ r,

%:1+Cw+%yﬁ(&¢+ﬁ— 3607 " 9072

511
@=2P+aw+1y+(mﬂ+ﬁ—ﬁﬁyﬂ,
, 607 ,

c5:]2—+2u274-nr+-027 +27—rﬁ%>r. (16)

5 Scaling solutions in 4D

O =0DFMLY, BEERITHBTDEEN - T _XEW TR EHGD, TN, o DRER
r CORDEETIE %2 K

@~ aor® +air +ag+a1/r+-- (17)
ThirZenbnrd, £, WEMRE L T2ROZEAK L HRIE
o(r) = go+ g7 + gor’ (18)

WD ERDOMY, ZHUIA 7 b—a VERLLE LTRVWE STV 5D Starobinsky model
(ENE WS BERTHAWR R TH D (1), LV —KITiZ

N N
o(r) = gmr™, p(r) = > Bonr™, (19)
m=0 m=0

DEINZ, rORETNRECEMTLE, =2 T 2 N+ 1 {HOREFTEAEZGD,
ENOEERIZTDEFEERDRKRESD, L2 Fa=0=7y=0DHADMELTE2DELDN
Bonod,
F7o. a, B, ¥ DNASWBREA OBERRIZ W T, [EE SIS T 28005 TR — i 3
BEL 72 DM, 3HEEDEDIREL reg DX v SRR/ D O TEHE LW, BIEMITH TH 5,
Flo, ORI ETRENDD, WOLEIEESNHDH Z LIXHEWRIZE S ThH D,
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10°a | 10°8 | 10%y [ 10330, | 10%31. | 10%0. [0 |
593 [ —735] —177| 728 —842] 1.71]3.78
—616 | —70.7 | —154 | 7.42| —8.64| 1.74|3.75
—564 | —80.3| —168| 6.82| —8.77| 1.83|3.70
~543 | —87.4 | —126| 6.31| —9.47| 2.06 | 3.43
—420 | —100.5 | —=3.19 | 4.90 | —10.2 | 2.83 | 2.93
173 | —2.98| 244 | 453| —834| 270 2.18
—146 | —64973 | 250 | 2.90 | —10.7 | 0.0006 | 2.58
—109 | —22267 | 307 | 2.90 | —10.4 | 0.0045 | 2.45
109 | —3564 | 526 | 2.84| —7.83] 0.094|C
377 | —1305| 794 | 257 | —4.37| 0214 | >4
*£ 1: B R

N[ g g g5 | 10°g5 | 10%; | 107g% | 107g; | 1085 | 10%;

1 [ 0.00290 | —0.00770

2 | 0.00467 | —0.00492 | 0.00148

3 | 0.00466 | —0.00472 | 0.00143 | —1.78

4 1 0.00478 | —0.00473 | 0.00136 | —1.39 | —4.17

5 | 0.00479 | —0.00466 | 0.00134 | —1.79 | —4.34 | —7.09

6 | 0.00481 | —0.00465 | 0.00132 | —1.79 | —4.83 | —7.72 | —1.53

7 1 0.00482 | —0.00464 | 0.00132 | —1.85 | —4.93 | —8.81 | —1.73 | —3.60

8 | 0.00482 | —0.00463 | 0.00131 | —1.86 | —5.02 | —9.11 | —2.00 | —4.23 | —9.51

2 a=p=v=0D%HEDMEE R,
6 #Eim

ZITIE, OB f(R) I 28T LW D IABRBE AR R A 5 2 72, FFICHEWOIE, HL
WHEBE O RT A NI = a 2N TTY =V RERFEREZETEBY., THI2iE, 4
THo IR FFR AN N2 ThD, 2. — KD f(R) 12k L, Asymptotic Safety (2
BEREANEERDHD LR L, BEME LT, BUEDA 7 Lb—y g UL LTRW
& EbI T 5 Starobinsky model (R + R?) O X 9 e fiEn b5 2 L 23R LTz,

SHEOBELE UL, BAEMT. X0 — RO,

LIENHEETHDLEEZDND,
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Defects in open string field theory
FUBRPEZE R4 11
/N T

1 [XC®HIC

World sheet defect 13572 2 —>OILELIGG (CFT) 2020547V =2 FThH D, HlxiE,
BRI O EEmz CFTy &2, PRI CFTy 280\ b3 5, ZORE, 2R THERITMEZ R
SFOITIE, ARV AT UYL T — T 3 EICEGHIIC R D LN D D,
lim Ty(x +iy) — Ti(z +iy) = lim Th(z — iy) — To(x — iy) (1)
y—+0 y——0
ZD XD 7 AT TR A conformal defect &FES, (1) @ BHIZfiE & LT, 5ERHA
T1 (.73) = Tl(:c), TQ(JJ) = TQ(.T) <‘: N %é@@ﬂ Tl(l') = TQ(JZ), Tl(x) = Tz((l)) 7,)5‘3?)%)0 ;—Eé}i%ﬂ
IRl OBEREIETHY, CFTy & CFTy 30T 2, —J7, @it CFT, = CFTy Th
%o (1) O—fRIZMFOMEZFi o7 b DT, W L2 MEFSIINTKST L, EomcEimT 5,
—WRFROMATIIEE L <. BIIELSFARL N TV D DI EERROLA TH 5, CFT; = CFTy T
B HEE S RVEDITHRZ D000 LIVRWD, 2O XA 7D defect THIRWNEZFF> TN D
EVD T EPARILTHERIZONETH D,
Defect %1 D ZEH AL, ZeEZwMOLM2E— FREETET L

[anD] = [Z/mD] =0 (2)

L%, ZOFMIE defect 23 tensionless THh 5D Z & &/ L THE Y, D T topological defect & IFE
TN 5, topological defect &, LD defect R, HEF & 5O BRWERY | FBEBEBOMEAZE 2
L2 LR BRICEHNE LD THD, (2) 75, Schur OFEEIZ LY D 1% Verma module ~DH
KA A OBIERES TN D Z EB8ENND, (1)1, defect DFFA ST b —F A 3EBEED
TV 2 T REMEND, TOBEMN SITHITET D EE2EHLEEL

o doi

D = P
¢ iSai

P (3)
Z 2 Cdefect fHE A+ D a DT ~LL defect OFEF AR T DO TH D23, (3) 7»H Verma module
DIRZFLRCICARD 2 ENH 5, (3) 1. BRI B BERATHS, (3) L0
> 7B

DyDe =Y NgDe, Dalla) =Y N2I6) (4)
e 3

1= = TIF diagonal minimal model 2>\ T T 5.,
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DNET %, N.§ X Verma module [} OPE ZEH % 6 DT, fusion FRE L P iz}”bé ( ) IXIEI
fusion rule ZOHL D TH 5, FTHEFIREE & defect 1X[F U A 7292 & &4

ST Z ® topological defect ZXDLZOHFH~NEAT L2 L E2B 2D, TOHBZLITITR
%D, R = 7 BB OB OVER &ER) TR
1|1 1
SOSFT:—? §<W*QB\IJ>+§<\IJ*\IJ*\I’> (5)

o

QU+ VU =0 (6)

ThHxbNd, 22T IIMHAE® BRST &M T, *fHE f IO OR R E Y S &5
ET D, ZZ CTHZEOBIZIERT 2R D 23, ghost sector (24 577, topological [L,, D] = 0
LT D, ZHUTHNS [Qp, D] =0 BT 5, Fo« Mk 2 R

D(¢ * x) = D(¢) * D(x)- (7)

Wil T & T %, ZORUPEROIIDY bELMTHD Z LD (6) LV T/EBITinN5, topo-
logical defect (X (1) OfiFDOAN, CFTy = CFTy TH D L 9 fliHefR Th 5 Lk ~7ey, RBied
boundary conformal field theory (BCFT) Z #5021 5 Z E XKD DTH D,

BRI OMRREIL, BERICEDEE Lo TERSND, ERROEE 1 D 2152572 90I121E, topo-
logical defect %, bulk NOEROF~BE) L, BEFUAETHEFE FICED LS ITEH L 0EFHR D0
END D, FEREFEICEAT S defect 2 bulk ICfEAT2 D EXBILTD LEL Z LT 5,

2 open string defect

BR LB T % ¢\ (2) & #<, i 1% Virasoro DERROR, a,biXENZHIELT- DM & A
DERFMETH D, EFTHEM LICHE OB ABREWG S defect 1 fusion rule (4) 29> TH
REMEIEZ D2 & BB HT,

closed string defect |ZHE2HF 1 TEN 4L, closed string D & /L-~L RZE DL %R U B L
)V R ZERANBGTHHE DO TH o772, LA L open string defect OZGAFEHA T TIEET 2V, £
AU defect DEERFMEZER T 2720 ThHh D, £ Tdefect A FEZEHSED L, (4) THZ
SN DU R EER G 2 RO ORERE S TEINDTEA D L TRIL

Dl = 3 xlab o) (8

a’ b

~—

L <, topological &9 /5 Virasoro D 7 ~)LiL D ODIEFATEDL LRV, ZD DT,
(7) i3 2 & THRE X 2RO T, FROGOMERD « fiiX, 20RO &by L, =
O®%®ﬁ@%ﬁ%$&?éﬁﬁﬁﬁ%ﬂiﬁme#%ﬁ@400%@%Débﬁﬁobfﬁ
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topological defect Z#E A L CHHEHNEND T, Z 2 Tlid OPE (2% L T defect 2353 BL R &

797, DFEY
D (¢(2)0") = Du (60(2)) Pu (67 (9)

RO NEODE I D ERRD, UL [2] O FEE —BROBESFEAE IR L7 b0 TH b,
@%ﬂﬂﬁﬁkb\qﬁzpwﬁq&a%ﬁﬁo::fqﬁiﬁﬁﬁﬁ%@m@i@oma
ZECTHY . Fy {; Jc] &1 chiral vertex operator ® OPE Oft&H % 5 2 % fusion matrix & M
ENsbDOTHD, BT parity RE7R defect #E X5 Z LT D720, X, = xdbe, 23413
defect ODIEHMRKE 5,
\/Fla o i Fwlp o]

Xd/b/ Fdl [a/ b/j| (10)
RIZ D @ fusion HNZ DWW TH7Z, closed string defect |% > 7/L72 fusion rule (4) %7z
J 23, open string defect (10) IF—f%IZ (4) W7 S, BT U BEEIR Z LB ahoTz,

{aa’a”}{bb'b"} {aa’a” }{bb'b"}
[dec(bi} [ (Z NdeDe> Ud_cl

ZC M ERAT {ad " }{DV'D'}) 1%, defect DIERIZ X B () MR EEOL— &R L
FbOTh 5, AT defect & I LNMER ST 59 /0 0 AT o) lextiE T B b
DOITIEN, U, U N X Z OHREPREOHERZIRE @& 47 5,
—ODERTEEZDLEZDOE IR U U ZE B LARTHIER G20, MR O o R
WEIEBETEZEZEZ2LE. UL U N EIXRr oL dT5X912oTC W05, Ko THBEBEHKAKRT
I% open string defect (2% fusion rule 3V 2 H, EELWFERE 0> T D,

(11)

3 defect in open string field theory

[6] 1%, BHROLG OGO HRERNEZBIEICELS 2 LI ko> T, SEFUIREAZ R T 2 HEORERE L
T, ==% U —7¢ diagonal minimal model M 4 ffi#.72 Ising model (¢ = 1/2) ##H->7- (F.1),
Ising model (21X =277 A~ U —;, ZiUZkHE LT =20 fundamental boundary state 7%
FAET 2

WO L reference & 725 BCFT % — Dk, Db /L~UL M ZERIORES TOMIEFES TH
SINs, S reference BCFT & L Co 7 LA VM KbDHREEZD, RIDDZNDHED
2. o 7L A v RIiEL & e DRENFET 2D T, ROBITEAHIC

U — Zt(l ;00) ‘0 —|—Oé(8 0'0') _]6(0'0')(0)’(» = wgaa) +w500) (12)
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(h, h) BRI hiEE— K
LS (0,0) 1) 1
£ TFNX—EE (1/2,1/2) 1B 1
2 (1/16,1/16) ||o) 1,e

Table 1: Ising model

EEIND2, WATIIX, {it,d0, -} (i1 <ig <---) ZRLTEY, descendant IRREZE 2 THE

SHLTH D, t, alTEROGOEDORETH S, T L THOHMARL reference & (35725 BCFT

ERLTVWDOTHD, BlxiE (12) &, EEHFEX (6) 1IN LTV TZAER, ¢, a 3 2555

WCEE-TEY, TOELEZRXNAVX T TEILAD o T LA VinbHllolz1 7 LAy —fpDx

FINX—Z o T2 T 5, ZOfE UL, reference BCFT, 75 BCFT; ~DY 7 F a5 2%

EWVIEBRT U, ELLZLICT D, [6] 1EEERFICED U, 0, U, . R EEZRDTND
Vo1 (12) ZEE TFERICRAT 5 & BEV RIS OEZITa LD,

QngaU) T 1/}500) *wgaa) +¢§UU) *wéaa) —0
QB¢£UU) +¢§00) *wéaa) +w£aa‘) *¢§UU) -0

Zo &Y
(o0) ) (00)
" (oo) wsaa) 7 (ZIUU) ?Cm)> (13)
e 1

bMTH S, [6] 12 L " — " 11 0, Th 2,
ET, AR IO ORI defect ZHWTHS Z LR TX %, EBIC Ising model @ fusion 17
FNDT— % % (10) IZRAT D LIRDOFRERZEF D,

wlag - w 09) = D \Ila—>1 qja—ns

wlaa) ¢EUU )
oo oo = Do‘ll0—>1 = \1120—>1+ (14)
(wé )y )

Defect Z/EH S5 & U O FHRAT D fusion rule (2> TEE I NLHD, BIEFAHE O L —
35, 7> 7T open string defect DIERKITKEI L TWNDEF 2D,

% 9 —2D consistency check & LT, Gauge invariant observable (GIO) W (V;,¥) &\ 5 %
DaEZR D, ZIUIBARS O HENE O 2 5ER G2 Fi-D, on-shell closed string @ tadpole %
LR OB OHEG AT D 72012, BRST BR OBEBIMEA M2 D TAKT central charge 235H 2 TV B LER

H5, Lo TEDFD matter sector \Zi% e =26 — 1/2 OB EZIMZ, T4 ghost T central charge #1H7, Z
Z T D 7= ® Isnig sector 721F &2 E N TN 5,
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Vi
y(aa) ‘
paa) —> Z pea s
q

Figure 1: fig: GIO IZBAZOE O & #ifig 3 5 2 255 % FF > 72 [ | ® on-shell closed string
tadpole TH 2 &5 TN H 5 [7]. T D vertex I open string 75 closed string ~DH#r{b % %
T (LX), Defect(ZR\V#R) 3EM L7zBis%8 0 GIO %5 2 %5 (TXI/), boundary (ZfEF LT
% defect % bulk I~ZEHT 5 (FH), Fusion 174D FFX A 5 & boundary ~EH L T
W7z defect % bulk IC/EH &b 0L —83 25 Z &R EnD (FRA),

e

525 LELLATHARTSHS [7)(.1),

WV, ) = (V;(i)w o ¥(0))unp = (Vj(0)f o U(1))disk (15)

T w(e) = 127, f(2) = $5 THABRS,

GIO OH O U % defect |1 K » TH7- 22 ARIZ 58T 5, Z D open string defect %
ZET L. closed string vertex operator [Z/EH &8 %, defect ITEBER D GEENL OV I H I %
% M3, fusion matrix OEERIZ L VIX.1 D X 5T invisible 72 identity defect DA% 5, Lo T

wOBBRANE LN D,
W(Vj, Da¥) = W([DgVj], ¥) (16)

Z Z T closed string vertex operator {ZfEH L TV 5 DI closed string defect Dy THh 5D Z & 123
BT 5, Fx Ok L7z open string defect 1X#ENIHERD closed string defect & consistent T
bDHZ EDHEND BT,
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Separability criteria with angular and Hilbert space averages'
EFNE = M
flg e—RB

1 Introduction

E%I/& YINA L N, MR EFIFRINE TH Y, EHEREIRICB W CIERICEER
T2 o9 mERIZIE, AR LI ;oTiﬂéﬂkE%%%%ﬂi/&/7”LT®6#?

/\°?7“/1/?&?3éb)%ﬂﬁuﬁﬁ“ék&b@ﬁﬁnﬁi‘i&%’K BRENTE. ZORINTH, E’Fﬁﬁéﬁé

A MTHRERE LTHAZ Bell R (2, 3] b E/2, BRI TAREE & 7 ViR

T DHESRM L LToxEIZ R -9 Z &2 Gisin E 2 [4 ] L L,“C‘ﬂ] LTS, Z£d Gisin /EE%

L, EFRIZRIENHIEREEIZ X L CORBERTH 528, IRAGIREEIZKT L TIE, Peres EEEDS & <
HHITWD [5l. T4 d=2x 2 DFRDRDOEEATH
p= > Bili)(il® k)l (1)

i.5.k,1
Lo TH 2 bNDIREBIZK LT, ZOBEITHOEH ERE, Thobb,
p =" Paliy (il @ [1)(kl, (2)

i3,k

ﬁﬁmm b Lx, ZOREITERTTNVRETHS Z EI/REIND. D Peres EFEITd = 2x2

WX LT B+ @tﬂ7t)74*#%5Z5t@%ﬁﬁﬁifﬁékw9_kﬂfgé

Lﬁﬂ,ﬁﬁw; ZD—J7C, Peres THZ D 72 DITITIEREIRIRAE R T h OB ELTH % 51 5

BENH L. EBEOERIZBWNT, HlESNnE-T— 5%%% BT VOB FEAT I % IE R PR AR
T5Z LM b D L 72D Z LT Pauli ORI DL KL< STV D [6].

ARG TIE, Peres EELD K 9 RIEME R B IRIEO PSR Z LB & Levy, FEHmICE O

fflexs 2 VIR HET D HIEEZRETHE2ZTOHNET 5.

2 Separability Criteria

AREIZEBWT, Fx TEMREFIREBOFBKZ HLE L LW EHRICRIL>EFIRE 2 HE
D HIEEWET 5.

%7, Fx i3 Einstein-Podolsky-Rosen(EPR) & m%%@ﬁ [TDEI7ed=2%x2DF%%EEZD.
ZDd=2x2RITBT D fiMet /T 7 VIRE

b= zwkpk )
k

UABFZ21E K. Fujikawa, C.H. Oh, S. Yu & OZERIFFZE [1] Ic£-5<.
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Lo THEZOND., 22T, pp lTE&TE/ XTI/ MBIREEL L, wy IZFEA D weight factor
SCwp=1) £T5. Trxlx, BEXTTVRELE DX T REZREAIT HHESREE LTIO
(3) Nz ET 2.

Inint, FHxITEPR OEEERZFH LI EROERZZE LN, 3) olFbNndn
KOOtz T, ETHOIT, & LI ORENMPRETH L5E, T7obbH, (3)I2B T
p= |0 ETD7201E, 2 OOHEHEE T P(a) & P(b) DMEEZBET L LIcLY, BT
TIVIRBED 7o & R

G(a,b)pure = 4[(¢[P(a) @ P(b)|¢) — (¢[P(a) @ 1|¢)(¢[1 ® P(b)|¢)] = 0,  (for photon) (4)

DEND. 2T, al bIHMEEOHNAY MLET L. AV 1/2RFDORIZEN T, Pa) =
(I4+a-0)2ZHN5ZLIZ&-T,

G(a,b)pue = [(¥]a-c @b oltp) — (Y|a-c @ 1Y) (Y1 @b -oly)] =0, (for spin 1/2 particle)
(5)

255, Bxld, EDOalblZinT, (4)Xe (5) ROFBRANKILT 57 51X, ZOIRMEN
BRTGTNLAIRE T H D T2 DB R L 72D T L 2R3 T T ERHKD.
IHOHFRRREICR T 2= Z VA FOYESRME (4) & (5) ZMGET D720 DFEEITT T
(CHELTRY, 2T 7% V72 Aspect % [8] DFEBRFE R4 VT 5. ZOEBRT
iE, BRIV T BEANTEY, 615) — 4P — 415) ORI T 2 PR 41 P O
FE 4.5 x 1072 [s] LIEFIZE =8, decoherence 2372 <, L7z8-> THIFLIREETH 5 L RET
5. Fox OHESM (4) 1I2B1F 5 G(a,b) ORUZ, Aspect FEDOEREEZ HND Z LI2XD, Fxld

G(p)exp = (0.971 — 0.029)(0.968 — 0.028)0.984 cos 2¢,  (for photon) (6)

85D, 22T, o MEEOHENARY Mlralt by AERd. L, ZORENEATT L
WRETHL DX, ZOIRKETHD Gp) = 0 MEED p (X L THICHRYET 21T T TH 508, FE
BAERTHD (6) IZINERELEDZ ENDND. LIzn>T, ZORMBITHPIC L - TERS
NI ORRENFPRRETH D Z L A2 WET D7 61X, ZOEFREITE T 7 /REETIX
2, ThRbLIUEZ U TNVIREETHD E VWD ZEERL TS, T72bb, ZHUI~VULARER
DA AERNC = X T VRBBICE > TR ERZEND E WV IRk E —FH L T\ 5.
BEDIREIZB T, FalREEMPERETH D Z L 2 E L), EBEOERIZBANT, £
DIRRENHPFEIRRETH D Z L 28D AW DD LIV, D78, FalTREN X 0 —iiy7s
IREIRRETH HIAITx LT H A separable criteria 24227 5. Frexid bl EFERIZd = 2% 2
RICBITD 2200 Fxt L A 120 FROBEEZZDH. IBREGIREBOMR C(¢)mixed 1L, LE
DHNRZ hla s bDiTfcosp=a-baEEL, AEFHEZIDLZLIZL-T, EhEN

1
C(¢)mixed = 4Tr p{P(a) ® P(b)},,, =1+ 50 cos2p, (for photon), (7)

1
C(P)mixed =Tr p{a-c®@b-0o}, ., = §C’ cosp, (for spin 1/2 particle), (8)
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HDH. 22T, 1< CO<1%ERT. ()& 8)ITBITHMHEL/2 & 1/3 DFEWVIZAL LV &1
DEEEBHEDE, T72bb, d=20E /L MERIZEIT 2 A Y OEERE B EE L 3 RITT
BHDHDOIZX L, JeFoBERH B EITHEIT SIS TEER 2IRICERDTZDITAELD.

Fox BRET 5 Z O 72 separability criteria (7) & (8) 1%, BEAFOFEERAERIC L - T+
HIENTED., 2T, FxiPbra vzl e LT Eilo Aspect FDFEER [8] & A7
AW ERE L CIEHEFEOFER 9 2052 Licd%. (7))L ) IckoTHEADNDZN
ZNOMBEIZH L, ZHbDEREZ NS L&,

C(@)exp = 0.996 + 0.88 cos 2¢p,  (for photon), 9)
C(@)exp = —cos¢, (for spin 1/2 particle), (10)

L7200, Fx D separability criteria Z KX <> TW5%, §72b5, FHx D criteria IZXL > T, Ik
RENT X TN L TNDZ EERTRERTHY, Tk Aspect 2500 HAE D FEBRIZIBWTHW
BN BETRENZ XU I VIRRETHD L0 ) I Mmbh ik RIc—8T 5.

LorL7en s, Az M EPR OEZERG L2 HW2 325 2 EALOREB L FO%
72 R THDHIZH 0D BT, LI 572 (7) & (8) 12T 2455 1/2 & 1/3 DEWVRE
DT EITHEFICHBRBENE TS S, £2C, Fixidd=2 L MNEMICBIT 5 IRIEL
V45205825, Z0LE, HTROGAICBITHMELE LT,

C(@)mixed = 4Tr p{P(a) ® P(b)},.. =1+ éC’ cos2¢p, (for photon), (11)

EH/LZENTED., ZOKTXHDORIIKHT D (7) & (11) DIEWEFITT 5729012, Fxldd=2
@ Fock ZERNICE 1T 5 — My 70 &1 Ik HE

|ae, y) = cos ae_”&mw + sin a&i\()) (12)
INBHFET D, ORI [ax,al] =1 & ax|0) = 0 & T D AEREREE T L 250 FEHK o & v

DRGA—H I Lo TRIBEND. BEOTR BT [ 2RE) CBOTHE, HTOREEE
T %,

P(0) = 16,0)(0,0| (13)

DEIICERTSH. ZZTHOREZ(12) 1BV Ta=0,y=0%L, 0 0#HIZ0< < 2r
LT 5. ZORNEBEEFEHWCREARMEFEZID & (T) OFREHED. (7) & (11) DRED
WML, NI A—FEa=0,y=0D LI ITHIR LI ETEILOEELZT L2 LITX>TAED
LHEEZOLND., EBRC, FEEET (13) o001, L0 R EEE

P(0/2,9) =10/2,6)(0/2,¢| (14)

BEIOWRE (12) ZHWL 251, FxlZ (1) 2B &0 TESD. LIER->T, ZOEAL B
ZRICBT LB X H1C, HREZZHLALEBETLHRLIE, AV RELTROERIZE
T DIRAENEME 2D L MR T DN TE D,
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3 Summary and Discussion

FxlL2>OEFRIZBNT, %ﬁﬁﬁ’ﬂ“@%@fi separability criteria & LT (3) %L L. £ L
T, FEBRE ORI TR EE S RSB O T O5E 12 Aspect %5 D 5k [8] 35 L ONVEH:
D IR (9] ’ﬁb@%ﬁﬁé@%ﬁﬁmf;#% _hﬁg@;%%ﬁfﬁﬁu\%h IRREDSA B & v
ITNKETHDL L TE D L amL.
J%IC, Werner IRIE L ITIZNA =2 # 2 7 L LTCWBAR, #1c Bell %3t (CHSH R4 %
s 7= 94K RE [10]
pu = 31+ S (15)

EEZD. ZIT, ) 1 sy = (1/V2) [0+ |=)2 — ||+ [+)2) LEFET D, Z D Werner
KRB (15) Z HWT, H#EBE (7)) BLOY(11) 2735 &,

ATrpyw[P(0a) ® P(6y)] =1+ %cos 20, (16)
ATupy [P(6a/2,6) @ P(0h,0)] = 1+ 5 cos2e, a7)

L0, H?&%fIi’j%ﬁﬁb\hF%() TIX Z @ Werner K HE 75>I/5’/7/I/LTV%> & &
ET D LTV, EAAUL R2E F"ﬁTri’J%ﬁHth%(n) IR AE 75>I/§7/7flxbfb\
HZLEEHLALHETELZ LN nND. vk, EEOERIZENT, ZhEBlllT572D
1%, (14) IZBIT D ¢ DAFEZRIET 5 ERAIT XLV,
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B E L DHFOREF— - VA RE—R!

SR NS SR PN S
g PSR

1 [XC®HIC

ANREOFRLE LT, 1970 FFAARATHEICETES « BREEO BRI EE Sz, LaL, Z o
%, BEFANERLOWITHRABEZES Z LN TERNWI LR ENDL, NRForoffll LT
IR LD EEZEZOND X oT2. ZOMBEEMRT 57-91Z, Polyakov (FHIl1E% >
3% (rigid string) OB ZRE L. Z OBRIOMERIL, BB - %O ZER O I iR o
SRR A Bk ETHHAMA D Z &L THEIND. ZOMMEEZ S OROBER L OFHE L LT,
Pisaraski (3% 7a 00 b1 OB FR O A M R 2 ok & 320 A N2 5 2 & THllEE $ kL
+ (rigid particle) DEMAHELE L T, Z OB GBI E BPERE ) N D Z L AR LT (1] W
¥, FET YN g, =diag(l,—1,-1,-1) &b D 4RI 3 T AF—ZE M LA RS D Rk
T DR A o = gh (1) (= 0,1,2,3) EERT. 72701, (10 <7 < 1) TR 723 < 560
FOEBED T A—=4T, di¥/dr > 0 Z§lii=- L Cn5b. ZoLE, AkEEbLoRT07 770y
TAIRD LY IcHEz b5

7=IEL, @t = dat/dr, i o= dPak/drt THY, if = dat, i = §E0, 28 = d,d0 ThD. F
72, mITEBERITOEERT, sITMARITLOEEHRTHD.

Witz & ORF DT 7 Z 0T o (1) BIRESNTNOWVWEETIE, ZOBRIZONTEERREL
RPN SN TE . LaLladns, X)) ICiFa! O2BMONEENTWDHD, D
FENTIZFE R CIE W2 LR 5. £ 2 TAMIE T, MItEZ bk 7 ORR 2 2 By % 8 %
RNE DR RICEZIRX T, TOMITE2RRD.

2 ML OBEERFORAES— - YAM X E2—EHK
WE, (2t ¢ pu, Ty, a,b) B—IRALEIE L LT, RO 1RIBRD T 77007 v 2EZ D (2
Ly = (¢" — &")py — (¢" — bg")rp + 2a(£/¢?*r? — s) . (2)

=L, ¢#A0THY, ¢ = quq”,r2 =yt ThHD. Fl, B = ¢ (r),pt = pH(T), " =
ri(r),a=a(t) L b=0b(1) X, "TA=ZZEMT ={rlnn<7<7} ECOELETHLH. 777

LRBIZRIE, BARKZE BERHRRERT HO0E— K & oL FEFZRICESL .
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YT (2) Dat gt pu,rpa EDICEATOIAA T — T T v aTRAEZHWD L, A (2) B
_E( YIZHBWTm =0, 87&0 LTSS (MEE bOE B 707 77 0T V) LEMTH D
ZEnmEsD. X (2) b, /k@?’]ﬁ*ﬁ%‘ﬁ%hé. ppy =0, ¢*py = 0, r¥p, =0, g'r, = 0.
ZHHORHEME, 2R AET —EH (1), ¥(7) (@ =0,1) ZNHZ LT, ROLIIZ
fET 51 Pag = TaTa, qaa = f( O‘W” + ¢ )) Tag = 19 (ﬁa";o} - %ﬂra) . f:f:L/’ f=f(r)&
g=g(T) 1EFRMRK fg = 21/ || ZHT-TEREAKTHD. £72, a,a OXD p S L TN D,

X (2) ITHHREFM O ZRAT D &, fé%%oﬁmaﬂ%@XI:-j*—ﬂbiﬁ#/j(@i 2FELND:

Ly = —i"Toms — i(V 7 — YO7a) + a(7q +p%ms — 25) . (3)

ZORIT, KB TEEINET VT UT AT S, K@) 1IN VT s & bW kT
BT D 2L AR LTWD. flMEE & S EEER 102 B — B e BRI EER % 1745
L, YT s DR TALS T B 2 & 5 2 L8 s. SO LI, STk [4] O
CEL T, E7, BILSNIT A NTERR P Vg0, amarwan =0, 0P, o s 6 =0
%ﬁt?ﬁ%%ﬁ®&%%ﬁW$a(nd LARBEOWEBER Y, | . BELLD.
WIS, 2ED AT =B W = iz + 0 & g BABEDET, VA AX =LK Z4 =
(W m5) (A=0,1,2,3) LENEXFERDIY A ZZ =T Z4 = (To,0%) ZEHTH. 2O
VAAE—RRZA L ZA T, R(3) 2EXMZ DL, MMEE L OEEBERTOY A 24—
WY SRS NN = 12F (R

Le =2 (242" = 2%Z4) +a(Za2" — 2s) . (4)

ZORUE, R[5, 6] THARALNIZF = b SN ABEOERIC &K LT 5. [litEs b oE &
KDY A AR —FEREIIIYAAX—BIEFTITTDHE, AT —BRD L X LREEORF
NEHID.

3 Mtz >BEENFODRAES— - Y14 RE2—HHK

WA b DI EhL T OE A AW IETFEIC R BT, (2, ¢", pus Ty, a,b) Z—HALEERE L LT,
WDV DT 7T T v uEZD:

= —mv/ @ + (¢" — @")pu — (¢" — bg")r, + 2a (j: —q?r? — s) . (5)

=L, @ >0ThD. TTTVT Y (5) D at gt puyrp,a L WICETOIAAT— T 7T
vaiRXERWS L, X GB) B ()BT m £0,s # o ELESHE (AtEz2 b >FAE
BRFDT 770070 EEMTHLZ ERREDS. X (5) b, ﬁ@?’]ﬁ*ﬁﬁi))%%ﬂé.
rp, =0, ¢*r, =0, ¢'p, = mA/ @2, £/ =2 = 5. T b OWISIFITB T B HRND 2 KL, 2
RO AT =B 70 (T), pal(T) (0 =0,1) ZHNT, RO X IIIRT D pos = TaTa+PaPe, (¢ =
MWJWTW+pp)mwsﬁ@%w—@mm)tﬁb,V#L7>0T%U,iﬁﬁfZNﬂ
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EFRBE g = g(T) 1%, EE2BERERL LT, F/MA fg=F &ML TW5. K (5) [THASM
DffERAT DL, WEZ b OAEER FOA ST —EANROL I ITHELND:

Lg =— i (ﬁaﬂ-d + f_)apd) - i(’yk'ﬁa'ﬁ-a - ’71237:(@7702 + Eﬁapa - kpdpd)
+ F{=my/27 + (e + 1) |7 pal } + 20 {FIRIF po + 7%pa) = 5} (6)

WIZ, 2y AT =B wY = a7 — ykTY L Y = ix®ps — kp® BEFEL T, X (6) 2E
TR D L, H'J%%‘f%’)ﬁ}%a*i%@//fXﬁ‘—ﬂ:/iti)‘/k@ct9 IZHELND:

Lezuﬂwa+w%@+w(m¢“+$%g
+ {omv/r - (L Il |+ 20 AT o+ 7 ps) = )
+ A (T + @ 71'@) + A2 (patd® + lﬁdpd) . (7)

L, MENMIETIITUVaDRERKTHY, VA RAZ—TERE M & X ITHN SRS
WOT @A Ta@® = 0 & P patpah® = 0 ZHD AN TZDITEA LT, K(7) 1Zw® & p* 2V &
T, BFZOEE 200 G E RNV A AF—ERE L TEEHBZONTWD. 22T, 0(1) 2 7B+ 5
K-V LT DL, TU T VT (1) IFRFHAIA R W — e 0w, 0% — Mgt g —
'9(7‘)wa> 1’/_}& N ei@(T)&d Bl - 672'9(7')7704’ & ei&(f)ﬂd7 oY — eiO(T)ﬁa’ pd N €7i9(‘r)pd
kxlakl—M)Age,h+9()®%tfﬁ CRETH B, X (7) BT D IEUE
(W, @Y, ¥ VY, Ty, T, Py Pty @y f )\1,)\2)75>E A DITKHGT 2 EYEEE) &2 (P(x Péw),P(iw),

P P Pey e P P, PO POD) L. R (7) & B ERR A MRT 5 &, fk
FHENRELND. WE, ﬁ%’s%ﬂﬁi’(@?’]ﬁ*ﬁﬁ R —HEE I ET LI ENTEDLZ L
A VIR
FITTUTT (), XU s N AF DALY MLPRIRO X HIRE D:
. 1 : . . .
od _ B nmBo kR0 4 (265 B \Epr
w =2l (m7pg — 7" pp)kTp® + (77 pp — y77ps)kp* ] : (8)
72, WHREBOMND, p? = 207%pa2 BEBNEDT, ZORITRTY LAY ZF—~ F L
(8) &7 7T VT v (1) AT BB RAGME M2y = (1479)|7%pal, + k| (FPa+Tps) = s
& T = s, MWD &, HEBFRMEDPIRD X D8N ND:

p* = : 9)

4 FEOHESHBDEE

AR CIRET, AWEE b BERR 70 1 KR (2) 2 52T, ZoREEICANEE b >8E
FH 70 A BTt (3) 28 LT, O & T o7, ZORE, MWEE b oM E R 7 O
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NIV T g s b OEER 250 LT, ~U T s Db S CHEEUE D B il %
& DT ENHEND B, TDZ LiE, 1990 42 Plyushchay 23V H W ofifmlic —H L TW\Wd. &
7o, —ib SNV A N HRRA AT T IEREE & AIREE O X v — RO EREE S G L.
261, A=K (3) 2RIV A A& —EA (4) 8%, {MEz2 b BE &R F0OY A A4 —
AN T = AL S NI AR —8 5 2 & DT,

W, WitEzZ b OBEEER - CTHW-FELZAEEM FOLEICENT2 2 LT, T2
v —ERX(6) VA RF—R(7) 8N L. ZoLx, Wtz b OGE&R TOY A XA H—
BRZFLBT D720, 2HIHDY A 27 —BHEPLETH L Z BN D BN, YA A SF—
WA (7) Z BRI EEER AR LT, MRREZHE LS IO E L. £, EEREMNT
(9) 25, ZORIITIXRFOEENB/NTY « LRV ZAXF—_T MLORE SITRFET D2 LD
MmoTe.

W% b OFERRL DY A ZAF —EROIEEER AL TEIZT 1 7 v 7 fEIE EHR L CIEERE T
EEFITTHER0NT Y« N ZAF—_T MNVOBEAEEZEBLET 52 LN H%HOBRET
H5.
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BFQCDIZKBI=0RAT— - Fr¥oRILIZHT S
49—V REBOHR

i BRFER A TR
Fi IR

1 BA

BEWILEIEA A 7 — - OMEE I R a VBB 1T 2 BIMGR O BIECH 5, KRl =J =0
D o FRFIE, TEIZZ2>THD m-m BELOREE R BATIC K 0 . ZOFEEN SN LT, Particle
Data Group (& 5 &, o FHFOE&EIX, 400-700 MeV TH 5 [1], o FHEFIEX, SU(2) x SU(2)
HATGNVRIFED A =X L n FEFOHA TNUNR— " F—ThHbEEZLND, LL,
o T ORERRSOE B AR 1T £ 2 STy, Jaffe 13 o R % G e JUETE R T
37 b T2 =2 ThHERE LI 2, XA 7 5—2 EREA Y 5 —2 BT T —REKAAVER
IZE 5802k, o FETFOEEE 600 MeV & TELTWD, EREDA T TIE, o
X0 T RORETH D EVI B LD D, I T, X(3872) X° Y (4260). Z(4430).
Zp(10610), Z,(10650) D L 51, HFHEFHFEUREETH D LB X N HRENZ BRI T
5 ), 74— BEENENT DICONT, NREYVORSR4 Y +— 7 RERED X 5 1286
DO 5 Z LIFIEFICHKRENZ L TH D,

FHxix2 7L —_"—=D7 L QCDFHEZHANT, [ =0 AN T—hMFICBITDH4 75—
REED RN 2R TS 3], [ = 0 AW F—PRTFICT 5 27 = FEEIREOMTbh T
% [4,5,6,7, 8, o FITICBAL T qq DA ZE 7281 TD 7w QCD &HHI1L SCALAR =
TR —Ya Lo THREI SN (9, ZOFETIX, @fEX AT 77 A EIREfEF AT 7T A
X o R OMBIBEEICFRE THE5T5 2 L &R LT, &I TIX, Prelovesek &3 o HIE 123
HR 0 TALRESCT N T 7 4 —ZREED X 972 4 7 +— 7 IRRE TR SN D ATREM: & FEHAE &4 1
T 7T NEBR L TRETEITo TS [10], BxldFEE#AESY A T 77 ML -oTHEALND Y +—
I N—T N4 T 5 —0 DIFEENED DICEE o &E 2R3 2 L 2RT,

2 49 +r—UEEFOEAR

AHETIH. UTFTD2o04 7 +— /BT 52EAT 5:

omee(t) = %[Oﬂ*(tw<t>—0’f°<t>0”°<t>+0ﬂ<t>0“*<t> : (1)
O (1) = 3 [ud)(1)[ud)"(t) - (2)

a
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IR T 43 TR B T Omolee (1) 13 o HhR FIREL T O (1), O (t) bR S, 7 hT 7 4+ —7
BT Otetra () (X4 4 7 4 — 2 FET [ud)(t)
[ud*(t) = %Ze”b‘: [a™(t%) C7s d°(t,%) = " (t,%) Cs u(t,)] (3)

xb,c

WX THlHEND, 22T, ClIfmELEITHTH D,
Ao FRER &7 b7 7 r— 7 HAEFOMBEBEZIT T ZE N

Grelee(t) = (O (pomelecto)) = 2 [D(t) +50(0) ~ 3A() + gvu)] , (4)
G (t) = (00 (0)) = 2 (Df(t) + D(t)) — 2 (A4 (1) + Ay(t) + A5(t) + A}(1))
+ (Vi) + Vo (t) + V5 () + V(1) ,(5)

-

LFET D, N (4)-6) DFBIFTENENY +— 7 HTNEBES T2 LIk THELND, &

% @ @ v

Figure 1: 7[5 R R OB Guolec(t) ([Zkf§ D554 T 7T Iy,

D’(t) A'(t) V’(t)

Figure 2: 7 b7 7 4 — 7 JE 7 OB G (t) [T 2447 77 4,

T, D) &£ C(t). A(t), V() I1ZK 1, D'(t) & A(t), V) IZK 2 DX AT 7T KAITENEN
ST D, D'(t) & A(t), V(1) OFFIEH 7 —DOREKIOENZ £ T,

FABARE%L G™molec(t) & GreWa() 1T & bIC HIFHEEL A T VT LV () E V() ZETLA, Zh
HlIFx OFRTCIIEH END, 77—V N AL VIE 1) 2 RET L L, M 12044775
LEILLTFO L ICREES bLd: D(t), D'(t) ~ O(N2), C(t) ~ O(N,). A(t), A'(t) ~ O(N.).
V(t), V/(t) ~ O(1), FREOEED FT, “HIHEZ AT I T LV(E) & V() IZMhDZ AT 7
TAHARTEETES L Lz, &BIC, 7—Y N, ARG VIBIE—FEIE#EES A T 77 L At)
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LA RS A T VTN C() LR A—F—ICh D 2 Rl b, —BEIEERES AT ST
BT A Y 4 — 7 IRIEZ MR % OB IR B ATREMER B 0 | BB~ % TR,

3 #EZTaL—ay

FxlZ2 7L —1"—=07/1 QCD FHEHEIZBWT, FRFHFRET T 7+ — 7 HE OB
B A ET 5, Fa T T A XEBRWT, Xk [12] ERED T A —% (7 v — /" —{%¥#
Cow = 1.68 &£ 8= 1.7) AT, FxDFHETIL, KT A X128 x 16 & Lz, Fxix
ga—N—ERAZRAWIEANA Ty REVTOAaEERCTEMAE AR L, "y 785
A—H Kk = 0.146, 0.147, 0.148 TOEMIENLZ I Z 4 16496, 14344, 11720 HTH 5, k OEEHR
EIE ke = 0.152(6) TH D, FAETHIF a ld. ke TO pHETOEEL p FHFOWENVE E
m, =770 MeV & DOHHE G a = 0.269(9) fm &Ko7, £ = 0.146,0.147,0.148 TO 7 HH+
Ep T OEEITENER m, = TAT(27), 682(25), 607(23) MeV. m, = 1050(39), 996(38),
956(39) MeV Th 5, 7 +—2 FHEMEITY 0 — S—1EfZ FWTEME Lz, RS X A 7 275 4
IZHOWTIE, S BEAMEEEEE LT Zy /A REEZ Wz, E 7 REET s 8V CRRE [13]
AT LT,

tetra molec
A 2m;a Om-"a *m a

° (mwa)2 O m,a © mg, a

2

-
(4,1
T

(ma) or (ma)

0.5 ¢

0.0 — ‘ ‘ ‘ ‘ ‘
166 665 67 675 68 685

1/k 1/k

Figure 3: 7 HfiFOEED 2 F (FREHNFE) & 7 FETFOEED 2 % (FEESRE=ATF). p FH
TOBEE (BREEARE), PFRTFHTROER, 7 877 +—7 OB (AT HANAR) O
74— 7 BEKENE, PRF O FROERII-HIBER XA 7 77 223 0ha (FEER) L&
FRWEE (AR OER) O 2zt e, A 7 WVBRIT k. = 0.152(6) THA b5,

31Tk OWEABIELE LTz (mg)? & 2my, my,. miolec mmolec  pptetra gy i 2ok 4,

Mo ROEEIT2 <t <5 IZBI2HNEREDT T N—01 b2, k= 0.146,0.147,0.148
Tk, —HIIFEEX AT 7T L E2E0EA EEERVGEEOFT S T EIOEEOEWIT/NE W,
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W7 DFEITIBNT, BT 2m, EIRFHEL L, PR FREE 1L 207 O m-r BELIREE &

F—=NR=F T PWRENZENRBEND, B2 LFAENL 20T D m-m IR @izw%~fM®ﬁ
ﬁ#ﬁ%f&é@]@ —EIFEEA AT T L EGUHAEOT NI/ A — 7 OB EIT1 <t <4
CRTDIAENERENOE, T NI =7 OFEIITEA S FROEELY KEL, 74— 7
E%ﬁmé<ﬁé_0hf%®%iﬁ%<ﬁéo%ﬂi\TF77ﬁ 7 R IL AR e &

ﬁ—ﬂ—?yﬁﬁmé<\m@%%&mﬁ—ﬂ—ﬁyfﬁk%w:&éﬁwﬁéo:@%ﬁfu
HR T TREE &7 M7 7+ — 7 HETICE VT, 47 4 — 7 JFERRE BN S o T,

4 FED

FxlZ, 271 —R_R=TOINLVQCDICEBI=0DABT—F v o FNVOEEIT-T2, HEA
%&LTZL&% JEE T E AT, TR FREOT T 7 4+ — 27 BT it aiT-o7, &
HHDEAITBWTY, —EFEEAA T V7 LOEENEETHHZ L E2PIOTHLINZ LT,
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IceCube DEIRILF—=a— k) / LERFIREH
TR PESE R 8|2
TS Eh

1 EA

2O =7 TR, BRI SR TGS TR X —RIE=2— MY 2 L RO D IZo0n
T, &<IUT L, — Ly 7= UBIEET V2 BN & > TR LT,

WEARVIRD &, RRY —AD=a—F Y /i3, FRFmORERICE > T U UITEERK
FaRIZLTE e, ERNPOOFHLWNMERDBTEOENDZA LAT—NANELEALRSR->T
ETVDH4 AT, &l IeeCube EBR TR0 o> CTE@mTRfAF—RIE==2— ) /& (RIAY
B2 TR FRLAMBUD) AT EEMTERWIN? EBER LSR5,

2 EFIFED IceCube DHEER

3CHR [1] T\ IceCube {3 30 TeV 725 2PeV OFEIIC 36 fEDOMRILERN TO=a— U / ROtz Wik
L., KK==2— Y 22X 28INL5.70 TEASND L LIz, A X2 FOBEE 2T ARFEIE e
<V HEHWNR T Z v 7 AL OFJFITHE STV, F72, 3THk [2] TiX, up-going I = —H4 >
DFFFTEITV, ZOT —ZIZBWTH RGA=2— M) J OHEFHN L OBER ALV ER AL TWD,
S HITICHER [3] TiEL, BN TO=2— U J IGER, up-going X a—F DO Tl %
BT a— VIR T AT AT T ADFRE Y IZH LTy =250+£0.09 &0 9 FERE
BTWD, v=201%380 THbhLTEY, mTxrF—==2— K JIZET DIERPIRLITH
HILTETND,

3 L, L, F— O

L,—L; 7 —=Ux &3, V7 e — AL LI E o —f T, B, J2—, ¥ U T
AN—DL T hrpnzEhEhtr, 1, -10Fx—T52FFoTn5E3T50D0THS, FxY—T0D
HORD ZRIZELDDE, RO L DR D,

L. L, L; er pur TR H vR, VR, VR,
IJGJLH_LT 0 1 -1 0 1 -1 0 0 1 -1

T Lep,s 3EFRHOVT L 2T VY b er, pr, TR IFEFHOVT Lo 7Ly b H
Ty T ARG VR, 37— VEAOLETFR=2— ) ) ThHD, AFH=2—1 )/ DEAD
EHZFNENLN) 2= a URBEZONDLN, ZIhbBIE, Fy—Y2L8 1 %Ko
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>=0.23 eV (Inverted)

Logo(g)

Log,o(Mz/GeV)

Figure 1: L, — Ly E7 VDT A Z —FHIROER S,

B DA TG EFEATARE LT, VN OERERBEYHEN A — L —
SHETWSZERNTED, ZOHE, AFl=a— ) VO~ 3 7 FTEHEITHNOHRDIES AR 72
WiEx bbb, ZOMOGNFEAITINIR AT E 72D, vgy & vpy DRI X —F A 77237
Lo TNDLENT T, RK&==2—hrJ JIERAEMA 03 WERE O3 ~45° L TELRITEALY,

it\~ﬁﬁ5®ﬁi?k~9%ﬁ01m@w£#ff\:@U(ﬁwLTKH%ﬁézwﬁﬁ
TOEEIL, BIHAT— LI ToLBNEDObLFFESND 4, EHIZ, S2—LFviE 2 &
MELTNLIOT, COZ HFOFSICLY., muon g — 20)Zl/’éuﬁ.ﬁﬂf“§6 5]

BERFZOZ V=1L, X 6] T, 20 Z' OFRITE > T, IeceCube (2L > THHIS LT
WHRK=2—F ) VDA T LOF ¥y 7 1] @ TEDL R L, BYEREED
Z' BT 58, Rif==2— M) ) RAFHER==2—M 2 LHEA/EH L TIHRIBMIZ 2/ 245K
L, fERELTRE=2— 1 ) VDAY R ACHPEZR LT =D L AT NZH NTE
% Z@EE%A@ B E2b=a— ) ) OBEEEZ m, £ THE, HEREX IR LF—
Eix. BBESHICWwW-TE = M%,/2ml,<‘:7’£f5 Bz X my—001eV0)M:L~}‘)/ XL
T My =1MeV 726% X E =100TeV 725005, IceCube BEIL CTWAZR AL X —D=2—
N EBRT D, IS, U ERS g ~ 1074 My ~ 1MeV ® & ¥1X, muon g — 2
DAV EHATEDLRTHDLIN, ZORDE L 9 E IceCube TEH L TWHRIE=a— KV /|Z
BIfRd 5 2 LIFm B,
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L. 2D L, — L, &7 /i3 IceCube OWFRICEIRT 5 Z & 2w AWV & BV TBIfED IceCube
DT —HIZEoT, ZOETNADONRT AL =T ELRGIREZZT, £2, fERIFEOREE T
DFOETNERERTELHIEA5 2 LHKER 72, Figure 11X, 20O Z' 7 VD7 —UfsG
Efg EEE My OZEMO~y T2 RLTNWD, AL TVDg—2 LT Sz HOmEEIL,
muon g — 2 DAL AT 5 DI L WWiEkZ /R L TV %, Borexino, CCFR, BBN & 7L X1
ToREIRIE, D FBRLE y 7N U L RA R BB TV S I [6] T, ERNIBIIED IceCube ©
T—=2ElRbEI< T4y MTORERLTND, Rk==2—F) /DY =T 2z=10IZRELT
B, (Z OHRBIRNEED) 7T v 7 AL, R 3] I8HDFSHRIR v = 2.5 DXF DR |
T4y "DT Ty 7 AERE LT, BERERD=a— ) IOV TIE, HEOMZ 0.23eV L1
ELT, 74y MCHW 2 B E 7 — 2%, SR [7) Ofdr LR b 0% vz, Figure 12
b, BUEDT —# TIXE 2 E 72 significance 23/NE WA, (TE D L T0UR) fkED K 5> R BA
2, Rik==2—1tY ) OF—=HN L, — L, ET )VDO/RT7 A X — il % favor/disfavor §~2 D7D
P B TE L,

4 FED

BT RAX =TT 4T THLWERD S 7 LN 3R RO B R WKES TIEL, iEA
OO TERLRE==2— M)V FRRFICIEHTE RV EBZ XD, 2O M—7 TlE,
L,— L E7VERFIZE 5T, IceCube DA T X7 R & L TOFWERRO RN EZE 2 72,
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94— - LT DEBEELEREEFFEL TN OEER 1T
ATy e LTH —MIZEERIREN ?

PN TNE S NE T i
AN S

REFEWHA MEFITTLESTZ. Ly, BRSO X A MV THD., ZARETNANTE
HIG, TNIE, BOXOIRFETHDH.

UL, ZORRISUCHT2EITHETH D 1 FARBOX D i, EHTEHU /N0

2L, 177 2 =K FE LRV T A2 — | OB EEYUE, 2D X5 eET MILA[EET
H5.

(77 IV—ITKELRUVWRT AL —] LiE, 2O M7 TIhNbaALET 50, BT 5|1
BED7 7 Y —ICRIRNARD DT A X —% DRV EEH L THD. TDOLIRE
THBARETH D Z &1E, TTIZAE, [BOVTHL[1] T, FDOAD=RLEHRE L TV,
ZOEEITEL 16D 4 —2 L =a— ) ) ODERELEIRAEOMNRBHIEAL2 5 25012, 10
B 177 IV —KGF LRV T A X — | gL Lz, SEHETDHETLVTIE, Ehdlzo
26D INTG AR —FTITHOTZ LTl L. Fhid, kD 2h Ut EF0) 2 15
BT TT AT = —FT)V] DT AT 4T 2R ANT=Z LIXD. BT, BEOHEIILE
DEEFRIZ/R UAN RN E BN DD T, ZHIZOWTELL T 5.

mE, ZOEFEE, KRTRKOWEH S A & OHERPFFRICESL< [2].

1 31hT42-FTIL

aH AL - BT ATI, [BIIFEEERT B Tide<, effective ETH Y, H 5D scalars
(Yukawaons) @ VEV RNEJRTH D] LBRD

v = Ay, (1)
ZIT, 2ATF Y (f=udve) 1 E3X3 DN ELDANT—HTFTHD. SHITWNL
OND flavons BEAINDED, WINb 3 x3 DS E L DAL T—RhRFTHD.

7 L—Rr OBEZEHAE (VEV) X, 7 L—RUMOMAEEH (R—— -« BT v W)
® SUSY vacuum conditions 2253615, W IiL UB)xU(3) AETH Y, 72, R charges D
RAFZERT D, fERELT, Z74—72 - V7 N OEE(THNE, VEV matrices DETH X 5
ns.

72, MELVT M DOEEITY M DA TH LD 7 L— KBRS, 7 L— BT RS
JEEEZ D, HELRGIIZOKED LT, ftidahsd. BEOEERITIHR T, fnoETh
ZHNDHDIZX LT, EOFTEZONDZ LI1C25. (ZORITHEROE BT L 13Kk x <
RIRDHHTHD.)
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Bexlx, 74— LT R OERBEERGOEFIIZE1 o) EELT, ZnbafEL 7 b
VOBEOREA LTy FE LT, H—MICERRT A RN D.

— —

2 TEIVSTAVY - —V—-FTI

20 FERIIC, FEhM & FLE “Top-quark-mass enhancement in a seesaw quark mass matrix” &9 4
A MO 8| ZFEK LTz, I TIEIRO I I Ry —Y =2 A TOEETHINMUESND :

w4 5)

mr Mp
where 1
my, = —mp o diag(y/me, /My, v/mr), (3)
Mp 1+ bpX3, (4)

100 A
1={0 10|, Xs=g 11 (5)
00 1 111

WoT, 77— VT M DEREIL, NTAZ— by HALETT. $_XTHRE->TLED
L7 R Tld b, =0 EREDT, MMOEEIIMEL T N OEEEZA Ty FELT, T
THRFE-STLED.

ZOY—Y—FFILOMP L, Fy T Ik —T &
FR<, DR DEEE Apeq (RTINS WELH %,

seesaw suppression (ZE ¥ 5. Up-quark sector CT72 10*
7, by=—1 (- TdetMp=0) &7DEHTET ;
NWEEDLZ LITE > T, AORMPRT L 9 IT top-quark h_10+2:
mass enhancement ##£H 3 5. b, = -1 TIT Mp ® 0
BAMEIE (1,1,0) £7225 DT, seesaw suppression |% *
1R EE 2 HRTETRE, 3 AT seesaw 10777

suppression 72 L D729,

my ~ Aweakv (6) 1075 L

Es. Thbb, my OENBRZRIECTHEHETE 5. Fig.1 bf ENRSAA—LTBE
BT, ZOFXDH A I top-quark mass en- BENFE CCk[3] Lk
hancement & 72> TUWA M, Eﬁﬁﬂzgilf, Ftop—quark 70T, Kk bf DEZNR
721F suppression 3272\ W) DM, IELW. Z B, D by Oz 31595
DOim XTI, CKM mixng OEHIFIE > T HT & L, Eq.(4) TOMEERD.)
MNTE72. Lo L. neutrino sector TOET-EHH N

FELSTERMoT.
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bHAAh, ZTOFETFNME, FOEFFETITIZH T ETTNMICELIADR. 20O IR E
FEIDENRS D, (Z ZCIEHRFHOBRNOHAEZRET 5. W [2] 2 ZBW 22 0n.)

3 VEVHEFZRRAELEBER~ADEA

ARIOET VIZEIT D flavons D VEV BIRXA ETHIT 5. Zh b offFRAIT SUSY vacuum
conditions 22 HENNTZH D TH DM, O superpotential DI Z/RT Z L1XZ Z TIEIHET 5.
Z 2T, UB)xU(3) symmetry & R charge DRAEDEE S TS, BIRG@mICIL, 2D R
charges @ assignments 2ARDT LD, #HO LW flavons MO AEREEZ 52, 72D, #H
LW A R DY OHEZEEIET 5 X 512 R charges 2508 900, BIRGHRORDF Lo
TW5. E£i, HROMPMED (FrCBEBOIFRIED) 7L TlE, EEITITW < Dn0fT50
FOETHEZ LN TWDED, 2h UL ET /AT, flavons MOMEIEH NS VEV BRNH
T DT, BFBRANTZENSDHEO L 72> TND Z LITIER L TR LY.

(Vp)! = kg (Rog)"((Sp) D@y (f = wdyvye), (7)

(Bo7)¢ = 1 (@o)an (P 0

(P,) =vp diag(ei‘z’l, 'z ei¢3), (Pg) =vpl, (P,)=wvpl, (P.) =vpl, 9)
(®o) = vo diag (21, 22, 23) o diag (v/me, \/Mys /M7 ), (10)

(Sy) = vy (1+ by ;). (1)

100 AR
1=(010], Xg=g|111] (12)
00 1 11

22T, VEV O (11) iIZ U3) 2B Sz IZHND Z LIZL-TAELL D THS. 2o (11) IZHh
DERB by T DTV D & T AHD family-independent parameters DM TH D . T L
T, Eq.(9) ® P, ® VEV form (28T 5/37 A X — (¢1, da, d3) (FHIH) 72 family-dependent 72
IWNTAZ—=To%. LnL, Ref[IJITTRLIZL DT, ZD/RTAZ—HITNDOTH 250 family-
independent parameters % HV )T (me, my, m;) OEICFHERDITHZENTELHDT, HxIEZ
1% family-dependent parameters &3 72k L7320,

fRkE LT, ZOEF/NTIE, family-dependent parameters & LT (me, my,my) A 7>
FETHLSME, DT 7 IV —KEFEEZLONT AL —THNRWY. Linb by OXO7R, 77
RV SIERGFONRT A Z—H 127D 6 ] L7200,

b2 bT, BISN TV LT RTOERLEAICT N TZ 4y FTEHL0H 2 &
FIZHFHE NS TENTHAD.

BEFETIC, BEE%E fit 752 £I12L - T, parameters % fix L72HE TOTEHEHEIT T
HL 9.
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CKM mixing Tli¥ parameters (¢1, o) 2AET free THE-T 5. CKM OERIEE (¢1, p2) F
BRI THS L, 1ATTTOEBRENLGET S 2 L ibins. 20N (61, o) = (—176.05°,
—167.91°) TH Y, ZDLXOTEHIL

[Vaus| = 0.2257,  [Vip| = 0.03996, |Vip| = 0.003701,  [Vig| = 0.009173, 6% = 80.99, (13)

Thd. Fz, =a— b ) JEEE R, = (m2 —m?2))/(m25 —m2,) = (3.09£0.15) x 1072
Ko THEDLHRBED/NT A X — (g % fix Licd &%, PMNS (3555 free parameter 72 L T,

sin® 2015 = 0.8254, sin? 2603 = 0,9967, sin®26;3 = 0.1007, d&p = —68.1°, R, = 0.03118,
(14)
Y5715, L7 ks Z—TO CP violating phase 65p DI, K& L7 +—7 TOZH
CIFIERICT, R Thr Z LITFERIMET S, £/, ZOETME=2— M) 2 EEITIA
BEACHHIZHE0D BT, K& 7ME effective neutrino mass (m) =21 meV #5252 & %
EHTAETHD. .

4 FEDH

(i) Family symmetry & U CGEFEHEZZ 272007 5, HIIFEGEERNE, TEE Tix7e <, flavons
(Yukawaons) @ VEV TH 2 & W& 2 I &G0,

(i) ZOET /LTI, flavor physics DEEARIEIEIL WL 7~ ODEEITH] M, 055 L 72
BEEETHSD L ORIRCIELN TS, T7hbh, KD (By) OIEERFA KA N ThD.

(iii) Quarks & leptons DE & LIREIE, (me,my,ms) b &I, IR ARETH S D
EWVH BT, DWIZHEBLLE., ZORIE, 74—27 VT N OEEERGOREIZZE 1O
EWVWH T EEESED.
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Za—hr)/RTOCPZHAHMEEFET HER
e NI E PN PN e e
At s
1 CPZmXNICHAIBEETH

AT B 2000 12, RO==2— Y OBFEETHIZRE L. ELV T b OEEITHIT AL
éhf“éi‘%%%ko(b\éo)

m, = m(l)S1 + mgSQ + mg53 + ’I’Y~L1(T1 — Sl) + ’I’ﬁQ(TQ — 52) + ’I’ﬁg(Tg — Sg) (1)

1 W w 1 w w? 1 1 1
1 2 1 2 1
51:§ w w11, 52:§ w w 11, S3:§ 1 1 11,
w 1 w? w1l w 1 1 1

1 0 0 1 0 0 1 00
=10 w 0], Th=[(0 w? 0|, T3=(0 1 0]. (2)
0 0 w? 0 0 w 0 0 1

DEEITINIROFFE A FfF-o T D Z & &R LT,
(1)2-3BEEL CPOBNIIHZEXRTHAHZ L
m, % Trimaximal 174 Vp TRz 5 &

m{  miz 1o L[ 11
m,=Vim,Vr=\ms my mi |, Ve=-—72|w w? 1], (3)

=]

0 \/g 2

mg M1 M3 w w 1

LD, T TETRTDEENTA—F—mdm; EERERET D&, ZOFTHNEFEFTH O
THALEN, FORERmM, XV = V0 THAlLEND Z &b, 2DV i

Vo = V5 (i=1,2,3) (4)

D g%#j‘% {L*E@’H‘ j'%EZVC PMNSTTEJ /7'1‘:]:@—‘9"6 ENTEXDLZ &b, ‘(UPMNS)Qi‘ =
‘(UPMNS)&’ NEHI

2 2
823 — 023, COS (SCP — 07 (5)

i35, DFED KD 2-3RE (O3 = 7w/4) LI KD CP DAL (023 = w/4), dcp = £71/2 %
FET % (24X Grimus & Lavoural2] @ 2003 FEOfERE LRI L, ).

95



Soryushiron Kenkyu

Ma[3] 1THT i KD 2-3 186G & CP O e TET o=a— U J OBFEEITHZERE L THDHH,
ZIUEATH (1) LRI HDOTH .

(2) #HLLEE (Tribimaximal iB&) DI
RS [1] T, O & LT45° @ 2-3 [AliR & 1T o7z,

1o o 10 o\ (7 Vi 0 Y/t 0 o
el v Ty =0 e 00l s s v |0 o ©)
I 0 0 w? [ U U 0 0 ¢
VARV VIRV 2

AT BITHILDOE AT OITHIZH LWREITHI E FFATZAS, 243 Tribimaximal 1751 & [7] U TH
%, (24U Harrison, Perkins & Scott[4] 12X % 2002 FFORE LR L TH D, ).

2 BRRKOEANDTHICET EHFE

HIECERNRTA—H—NFEHLTDHL, 2231RE L CPOWNNRKRIZRDZ 2R LT-, BIE
DEBRFEFIZZOTFEITENLDIZR>TWD, ZORKNLOTRETFRELEL D [5,
Z OB BRI T, %ﬁ@ﬁw%fn VHBNT A= —PNEBRICEDLZEICEDEBI S,

ZOZ EEFMARDTDIT, FPERE \—LIJ\ Tribimaximal IRA1TFNCE D, ZE & HIZHEFEM]
59 % 2 &“C“%fﬁbck 9. MOAMNPBHFET S,
1 1 2 1
S e ?_65 100 Jf v AR
v g L) 8% 2 G gé g ' v
V2 vz R
ZOTHITEETINTI TREO L S ICE I D,
MO mO s iy gy Yo
2 V2 2
m, =Vim, V= [ mogm mj mem | (8)
mg—m¢ i —mig  my+mg—2ms
2 V2 2

WD 2ODYE%BZ 2 L9,
(Case A) 1-3 i aEu e L (md=mb). 2-3 o2 EERIM Oy % FEKiC
Z OATHN LT DATHNE LWL T

e 0 0 d s 0
ViV 0 ¢ se - Jd 0], 9)
0 —se c 0 0 1

96



Soryushiron Kenkyu

TxrHAfEEND, ZOITFINDIREAE S &, S 512 Jarlskog invariant Z51HH 325 Z £I12 XD

4
_ €13 o
| cos dcpl|| tan 2093| = \/88%3(1 35 1. (10)
DEFRRE 2D, 012 1220 TiT tan s = (vV2tan 0 + /1 — 33%3)/(\@— \/1—3s3;tand’) &7
50
(Case B) 2-3fmraEr b L (my =mg). 1-3 0 & EBRBUMDBITE L & 5,
ZOATENE AT DATHNE L VIEELT Ui3012 £ 720, (Case A) & [RIERZREHR LV

4

¢
| cosdcp||tan 20a3] = | —5— B — 1 (11)
2s15(1 — 5s13)

BHED, Fio. tanbio = (/2 — 3s23tand + 1)/(1/2 — 3s2; —tan ). L 725,

3 FLoH

ZIZTIE2-3RA L CP ONOERPLDOTHORREZ, AIRRIGAITR LT, 2 2 TOR
F, =2— )V OEELESAITBEOERMEIEVRY, COERETEHEBTELHZLT
o, DEV, HELREAAZFHHR T HIHATOMEDOBRBRO TR EZE52Tns, £/2. =
DOHRUX, RO XD RGEEIT BN T b,

B &/T4175 5 Tribimaximal {A1T5172 6 1% LT (Case A) X° (Case B) OFEIfEZ & 72 2 7255
EEZELD, ZITOHREEOEWVL (7)) OB AAAITHN R NVETH D, ZDOHAE.
ZITERLINMpE p—7/2 EEWMTHZLICLVEITE S, - boBEWZEFRAL, 2
DONFRIARTE Le\Wizh, 2O L) RFAETHR VMDD Th b,

fham e LT, FLEHOBEWZEHR (10) & (11) AW Tl Sh 2B Th 5,
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(E#]

I A — 0 ZRRICEARE - BT P EEHAT S, TOFEITENRE L TORFHEER (v="—
) ATHAWT, B/AMERREIZES S ESELA M0 MERH [CEHATZ & 00in0, &
FAIC R DZO YD FREEITH> L TH D,

[BXR]

1 BET 5, SRR

2 T-BTHFOFTEFEN N GO ETR

3 —HT 5, Fariks (Evolved Hadron-Spectroscopy)

4 - o et OF R38R & DLk

5 filiam & wolam

1 BET 5, EXMYERE
1.1 A—LIUYEBRELENRR, ZTLTIOA—VDELASD

(O—LoYEREREIER) ar gme o Salv) (RS —SHRTONASIF—ETRARDY )
#1812 % (Observer Frame; v = 0) ¥ f,mf ) v=p/p QCD/Standard Gauge 3B TDHASYTARTE
HEPFR  (Particeframe; v =—) EHER © TC |y pam? Li(q(a)is) : REMELER; Substitution Rule
() [, = Ly,a,| (74—7DWave Function) (m = |m|) Lol@0,))] = Lol@Dua)) (D = 0~ igA,)
K =L (X) = Su@12(X)a te o L@ a)s) = LillaAoa)s]

1 .
E@E  (O-LUVERTHELST R TORTHEEAZACK] - O—LUYTE Then for Rer : X, — —X,,, and[ @ = @ = X = —5: |

[1‘;"&.?& ] EIEE??(ET&.X; —e<v<e (i=123) e Accordingly, L1[(a.0)}'s] = £1((@:9):'s] | (qep)
Inertial Frame, Einstein Relation; p(v) = — po(v) = ey
— —c = T — = sy SUTA—IZ.
(A D ORI LR R O ") E;Vié%?; &ﬁgﬁgl’&;_bt DA =IO (L) DAAZ)T4—1F
HEMLEEEE (COaM) TOMBF 74— DIFALAS I CHRTRELE, l (simulate)
A BB MR D BAEREFICT R iten HIBF AT ! o (QCD) ——> o NFAVH VLS b2 4 —2)
{EHR (o) )DOHE 94 —0 DIRELN
fE5 (o) D1 ) 24— . T LA b3t BRF B0 HEHEOMEEATET 57— T o2
ﬁ*ﬁfPW)ﬁe, NH“$NWEM®M bwvﬂ”~A/Z ] ZBLTEE = NAF)T4—%HD->%/\FOY, “Elementary Hadron”.
P/ () = k(7% p, (v) “Parton-like Motion” ZOEM, Attribute”.  XF
2 — 5D B {PalX)pzmmz |~ {Ppior -
B 74— ORI B0 {20 00ion) = (B o X 70 e o) P
I (Lorenz Covariance) €= Z (Lorenz Invariant (U )) I GHX) = (P9, PLE, SO0, 55,70, 1), 4% Aj"‘}" L O(X) R R— XS TR AN,
*) coam: EMMIZEY\FOVRRRISER X0 ={= 4, = 4y = =) T=01
Figure 1: R FJEIER (v #£0) &7 4+—7 Figure 2: “Z/\ Nu " #&0E A

DA TiAD

Fig. 1 T, 9 MEMRE L TORF R TIET X TOYEERNE, v OIS F CE-v—

!Propertime Quantum Mechanics for Confined-Quark System and Composite-Hadron Spectroscopy S. I., T.
Maeda, K. Yamada, M. Oda, in preparation.
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VUYARE-THDL] ERmHIND, —HHEx, o-ZNA—T7TIEEHMICEDY N Fa U355
WCHEEAEA (COQM) @A L, TR T - 7+ —2713@FED ke iz +—27 o0
HHEREE ) & T D R OITIER ITRRERIRD | - (AR [0 1) HEE-% R~ 3501
LTI oz, LLRNRD, Z0O 174+ —7 OFRRIRDFNL, ACADOBKEE X, 22

TIE, TATREZR TR T OB R AR EIC AN D B DD CHARICHEMEL kD Z LR ENT
Wb, XZZTE, =Ly YERTIE R TFOEEDHFERARETHDLH] T ENRINTND
B, BBOXHITH D NHFETITAEED YV +—27 F 7 1 (Chiralon) NEEREE VY 252
Lz s,

1.2 BESF-CERTOAAS)TE TRNAFRY]

Fig. 2 T/RENTWS X 912 (QCD/IE#ES —VBiGR) T, HHMO 7 — M AMEH @ L
T 75 —=20% (G, @ OHATVT IFTET L—R"—HIREIND ], THEZEEVHAB IS
WTORED, BAIZIDOEESTT7 b= - gz ff> [ 74— - HE e i,
BB TFED LT R R ENDGFRF L LT, ENRry AT LHIITDH, XTh
\ZfES 2D Rk i{u}kféo_mﬁﬁfi i#F%f 7 F— 7ﬁ¢W%J@A%WDLﬁ
%, ZORPET 6O (X) 1, 24— 5 HEE WF2e(X)M? o3iyr 72 bi-Dirac 4751 TP 12 ik
LRERR-ILE Y +—7 - £o7 ( Covariant Quark Representation) [1] 12> TEFRINDH, £ D
YRS AT s FRE 0B, JIPOS [ ZERIRIENRY O UV A by s Za— IR
FoTEEY, T KHRELE L TOERK  HK I3RETS & L TR b S FE 12348
IHFITHD

2 T-EFHEFEOBFEENRFOVEBOEFH]

2.1 VF—VMARD r-EFNE
Fig. 312U DOT —< 2o\ T, HHEMNS, 1T U ELIEERARXEL G52 T, RIZZoAK
(Z B9 2 Bk & DR SR E ST 5

(1) SSUIEHRTMER S, - AT —VEBRTALETH L JINLRD 7-A 7 — VISR GE) .
KIST D75 =%, G=0, 137 +—2 ® On-Mass Shell £HFIZ472%

(2) ZOFEMDE, “Prime” ~NIA =T v HxG=0=%c7)—RNEEDRLN, &L
5, kL7225 WE ORO ZHOOEZERMHZ2E L,

i) G % (P-2T) RAFediud, EXCAD r-REEE N, Observer Frame (O.
F.) CTiE, TOXTNLTI LM Z “Real” NIV b=T 457 L—7 ¢ 5 —Eq.
MRS H50T, ER -~ Karo WFE, oW/H | LEFESE, Z0OZEiE7 74
v UINERIZIEE LTz Crossing Rule 28, BEGRIICEH SN FE2EKT 5,
220 &(X)& IHERICIE (X) D7 (1 §2.2, Fig. 6) &4

3z oI Fa'@@@‘é'f—'?k“)b‘f(D LV EEMIZe (, preliminary) PN 1[0l &2 3[EEHE S R T A
ANWT, BEREHEIC L > TR~ Tngd, GELIE, ZoWwE 2] (FE1ED), [3] E3E) #RE)
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(OF—VMALFRDT-BF N%) % 143 Sz B .
s= [ etkyir, £=-MJ=X2 (M>0) BE
(=) X, = ,/)‘ dr o - \Jux, )V ATV o? (v=dX/dT) ShEB: X, {Xzz, mD2O /M, ()} | [ e = n( 0. 2meg- 1) (r,0)
55=0 My, PR ) = o) - x,, (X, oEs) | Lor® =00 € 0@ 802 in 03 i)
—> 4-momentum £, 770 Einstein Relation : /' = 77—+ 1o = m’ VPP
= e
In Obs. F.; —1'\1 0; P,=0, Py=M. InP.F; 7\1 0 = Lorentz Inv. —> [(RAEROTEAE FRAEROREDRE ]
37 T dr(x) — (0) = 7)) TFRTOHRE RO IR EOBMER D,
T T OAT—NEFRE] -1 = Kr (K>0),= [G=Pt M =0] SR
I Tor =K (K>0) & %wmg%mm FlGan 5 _
DENb=TY H= B ‘3( i ARl )) 0 55—, 5= B (1st, 2nd stage) DEFIE gema"“":‘ S
[g¥7];] @, ~ B(v)x;” (index: Dirac spinor ,SU(2)-spin 7) {rs, T} {X.T} REFZI (T=0) TRAT "4
<I> (X 1) = BB (X <) PE. (Formulas) / vt
i— T T in . w) Action = [ £(X,:r" Vs)dr (v
I: [17 G, (X,) = (p2+\[2) (X,)=0 inOF "Cprw) [Eﬁjﬂ ] - :
—\/2U1 W\\ (1m5+ ), [U(v'(‘)’s) =3, U00) >n}
(BR) ©po (X :7(w) = 85, (X :7(v) + B, (X :7(v)) T (P M0 —0
:Z(,’,Mzuu’)/( T LNV (0(P))e T Tt o)
F—S D= > OEH) = (27n%) i@ (O T) = 2 M (D' T) inOLF.
dol®) . (£) \I P’ >0
i) G=(~Po+ E)Po+E), i f:ﬂwﬂ, o [EREFwe] = Var+ ing , — Ui
i) G = (iP, + M) (i, = {\"[,’*’ ‘I’f."’} (E17}b¥ Mg+ o dr > 0) CI’OSS';Z dzril\?édfl)(l;s: 3";:2).( T <00
SU(2)m "’Fﬁﬂ)&:&«%ﬁl«* x‘ﬂﬁ Paulon, Chiralon (8094 —Y7#E) — - —
*) EEOS = U)Ii‘!”\’CU)(f’ﬁ?ﬁ(U) YORLAL

Figure 3: 7 4 — 7 I\Ni% : dliig@/ o &1 Figure 4: 7 +— 7 ZRROE 15 « O

FENS HH
ﬁ)é%mommﬁﬂ- 22T AU, £ - EEO Chiralon (J=17) 23, 44

HBAINSTE - BEOD Paulon (JF = l ) DO Fy—r7 L LT, HET L, Z0O%HE
IXFEN I\H/@X“\7 NV HNVE - xﬁ'T HaeRofrEWRT 5,

2.2 DA—DBZBEKRD-EFHEFE
Fig. 4 IZ4FE DT —~ 2N\ T, ZOREARPIANIBR5ND

(1) BFJERBFROEZR DT DI (Fix ORFTOFRERE LT) 74 —2 ZIKRTDT +— 27 D
FEABIR LTz & 9 1HBb TREZRICERE LTz, FRISROD { Kif's } OFERE 2 NER &AM e
TBELT, ZOWRDFLRSTZDITTXTOMEF, £ L THN ey (ZOZEMEREITT
&f@%%%@ﬁb>;A%®Iﬁﬁﬂ)%%tﬁt_ Zbh 5,

(2) (1) CoOHBOEAREORENA, S-HHEOH R EFLEZAIRRIC L, TDONARD
T L L TCROKEENBIEIING B B E OEEYNZ OV CGEEN A 22 RS (Kinematical
Constraint) =35 FI272 5,

(3) U\J:@fftﬁ'% FROEH SI1E, AN, Fb+ BHEEIZ DUV T Separable 7212 CThH- 2 L, SROFED,
dr(v) >0, IZRHNEFELEEDOETO.F. TOYab—7 ¢ U —HEAD “Real” « /1~ L b
:7‘//\/1 (> 0) IS TRIRD L 9 IzERsnb, ZDORIL Crossing Rule 28 EH S/ &
ZEWRLTWS, ZOFFE, BEMICEBb SN (§2.1(2) ©1) THRILUTH D,

WIZFig. 5127 +— 27 AR TORTNFAITHN LR, T4 D Dirac Spinor DF/REHAE %
FLOTRRL, ZOMBRMHRZIT O,
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(1) RPN - WET 27 +—2 WF, o9 (X, r) & WEHRENC I3 5 BB O o (r) TRBT 3,
TORE Py (X)) 1T—HORT =7 HERT, 20 Qg (X)IFN5T P, IHK>T7—Y
i%%éhé —J, ACUBEIEm-AE LD (4, —) Hlil owf$mmpéh,%@%
B, BENR/ A7V T 1) MHEEZROL D _nxﬁézhfb\

(2) (7(4)D5’m A F— L TIEFED Dirac-Spinors {Const. Q. Sp., Urciton Sp.} 238V 5723, Hi
F (#BE) 1L, A (B RoThY, ToERENI me-REEEZAET (B2, —F

(3) { FHH1s} @ Effective-Vertices D7 L — =K b WK RO E X, DA R -
AE ) Lo TIRES N, ax DT L—N—DAE DR ERFOEERD Vertices T, B
59 % Const. Q. Sp. @ {mp's} ITIKDEELFHENRND,

(4) FENBRa BT r 75— VM2 LU Mass-Shell {44729 DT, QCD IZ{k% Strong-
Interaction S-matrix ZiE 5 WITHE & 72 5,

Ki tical F k) {T@ 2 0@} @ {01 Lelwnotes in O, Do
T Ism— S o R
_ 2 IF— Paulon  (1/2) *—
URRFIA—0R) a0 (r(0)s  r= (1, 1) mg-aes [Chiralon W2 gop—s
Non-Local ®a"(X:7) =35 Py ,(X)Ox(r) W (v ZL @D _ N
@ v o X L @ i ZEY ), s = (1) oy e
Local ®0,(N) = > (W@ WD) ) -~ W
= Pl D) = Z CRARDY)  BHE{LPC ) REF

=#BDDirac Spinors in U(4)ps.m -ZF—L i) Strong Interaction S-matrix%3&%#iifi5

Consfityent Q. Sp. T3/AREY - RGO RAEIETL—/ A~ T B THS,
[ (iPyy & M) Ur £ (P.M) = 05 (iPuyu F M) Ves (P, M) =0 X dx, "'<“éhv;byxfnd1#;g; 1S >

Urciton Q. Sp. [ = Mu,v="r, E*J 3 d! J=D —HRRIABR —5ZE /L

(o 2 DU (0(P) =0 ; w wFEDVeae(py =0 LT iR AR S

Z#DUrciton Spinor-RE : Ur(v(P) 1 [Concretestructure]

Upy = —=(UXH) £ U

[BaremannW'EnEf Uns ﬁiﬁ’jgv'mﬂvw”ﬁ [ =5 ) DEARDL-REY T = S(= T, 50 (UV) $8FOIO0 > J0D 0,0 1 0

Chirality: v zwﬂf%w”+m) L=3,1% :missing (" MFRwithdef. . # &R )

HASYFAER Xt fop ~ @ TRTORNFOL OREREEHRBIE, ZEREOHR ILHR+—sOEEO.
- %WH%@fWM' Bl (UV) A2 My = my + my
o §D(X,0) - B(—X,) ® Via=7"produced V") = 4V, ’;’n:‘””) (tgesE) V0 cRE
om0 - ¥ (WD P WD PP 5 WY = W@ Vowrea) = 5 (V) 0o £ 0 JE)mIS(CEnAth Vi : FREY
PuPra=EN>0) e ad) = & (V0 (a2 Ehabt Vi -
MEDRT &5 > M) =Y 6OOrY? {604); BZRT-UORFIE -> Relat. Coupling Phase of ( Y)in Viv) and Vg, respectively,
T F V0, —viP 180, = Relat.sign {“” w} =L

Figure 5: 7 4+ — 27 2RO & 15D  Figure 6: 7+ & NFPORIH -~ Re v
AR PP

3 —#HILHNFOUHRTF

PULEIZR TR L DI (IBMRE L TCORFEIER TR S L) 7 &% T, 1ER0IE
AR F T — R s iud 2 &2/ b, Fig. 6 TlE, Z0EE L~ MDD X I,

101



Soryushiron Kenkyu

[ ﬁ@%ﬂﬁﬁfﬂﬁ] { ( )(q) ® U( ) } ® {O( )rj_v|whole—v in 0(37 1)Lor.} 4

(B T) IAYA by - 27— iEn— L VS 2 (r(v)), RO Pauli- 2 B2 ; x0(v) &

%o BT IERER 7(v), 12Xk 2EBNC#ENCEBLT 228, BHEEMET 20 7% (v =const.) D
\HEAFT 5, Z2C, Pauli-A B 21X T Ff (22 ﬁmﬁ@@% b o- A EENERICE

bémﬁt/>@@,m_4nu%ﬁosw) ZEROREE T A4 P = (AT 1) %

FFo,

(FEARrY) OBMEE{,P,C x}, T TH LI Mbo=@s {x} IXEBOESE « Y% 4k

VEERELTDOREINAYA DT L—NR—TAFT DA TV T 4 2=,

| @=RENESEH S

FARRLCOAENET =3, 8 ORTEE S, iz biulAEsR L =10 1O =0 xp®)
ThY, #HE L I1D ZERREITINEE 2 55, MEEY o ORI, #UARVHISTH D,
P TTRTOFENRr L, HE-, & L ITER-ERETH S, X, Energetic 72 v* IZ L -

THELD, N7 M-VIRIEIE, D47V T 43R THY, ZHIHMELIEIA TV T 1+ %
FEOF Ay L VAPOXH/X-} DIRAIREE, wmz(wgﬁﬁ@mg*})&ﬁwfmak»v
& Vigy ORBAE LIRS, 2 OFM IR §4 THIILFORFIE ﬁ%%bbéi%&%ﬂﬂ
Wx52%,

4 #FH-NFOUHORZFOERE—FEREDLE

A) Tefe™ {HIET —Z O] T MREE~NY FVIREE {V,(¢q)’s})] DIF(E
DT —~<IZONWTHR b RS R4 Fig. TIZR LTz
ZOBRIND,
PYFEBRO TR LF—FIR TR LD NE, X7 MUWREE ; B [w(782), ¢(1020)] Z & e,
woEcotitsng, T2To VI (neny), VP moas); VI (sy54), VP (s_5) @
FE, KOEREND T L—/S—ZFFD (Vy(l), Vy@)) @ Relative-Phases 7%, fEHT DOfEER &
consistent Tdh %, FrlZ w(1250) = ny(2) (n_n_) OFF{ElIX Remarkable Th 5| L=z X9,

B) Y(10860;53S1(bb)) 3T Belle BT — 4% » 5]
BEEOT =< 2O TR LT, Foltso RN s ot ofi R4 Fig. 8 ITR LT,
Z DRI D,
Belle 7 —Z 122U C, FEFEXIGRAY « 43 520 B G HERT STV 2Fh 8 _RTORED,
B FDOGTIIA Y XY LTCiNATRE & 72 D, HFFIZ hy((1,2)P) LRIES N/ Z>D

TNEEEREE, CAZ— RO RIIRICIE S <, {r € 021y} ZHI L LA, T 2 TR FIIET L L LT
5% UOCRB 7O O(1)pio L52<,
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(10860 : 5°S; (bD)) S fEDBelle RERT—F DI 5K )

ete” HRT—2 BRATTOBEERIMNLRE (Vi) ()'s) OFE e )

o by 4t ERT—5 LRODLABOWEH
=@miEe cte” —p(ntw ™ =DM hy 1 [h,(9898), hy (10259)
F—4 (/s =066~ 138 GeV) SND, (Vs = 1.06 ~ 2.01 GeV) Babar o otz ele = X(BS) = h(mP)rir (m=1,2) J" =1
#irEE"T VMDE withthe V()'s L(:,)”\:[w(782].QLIUZUJ]+(41(1250)..A/(l-’lé“)..d(l(%“)) Prod. o : comparable to Zin. 22
o . ete” 5 T(58) = Y(nS)rt 7~ (n=1,2,3) | Exp. F-1
(@511 "-phase) . R kil

w(782) = V) (ny74);0° 4 w(125 7 (i ); 180° Zin 20z
[(,(1020] =V (sy5,)% 230° ¢ w(1650) = V) (5-5-): 0%, or 180° (Problem) Why No suppression due to Heavy Q. Spin-Flip ?

% N a0 S0 9 [two Z:.Z& | 7,(10610), Z,,(10650) in 5 channels {(n5),7*} . {u(mP).7*}

a) T—EDRRHDREM. L
b) (230° > 180°) AEVMDIZ Decay [ > ¢ TE &L IR Prod. Rate : Similar for these 5 channels | Exp. F-2

HTIE, (07, 1801 DA TRIBE T4 vk, . o K
o & [ 1 17 Relative Phase between (Z1, Zp2)= 0% :r(”s) channel Exp. F-3
(FAROUAREDTISHD) KOS EEORIAD) 180° ; hy(mP)-channel

BE m((12)P) > A7 (1258 Ng spin-Flip xo = (+,-) for (Vi™.4(7) ; chirality partners

N To((1,2, s)s\»t, )((1,2,3)8): %8,
#%12, a) 180° [FEncouraging. c)-choicelITL—/—ED Xm REFEHMSHHEINS,

y Exp. F-1  No-spin flip - Problem disappeared
2 w(1420) [, Vip(n 2 1.78) ERIETE D Exp. F-2 {4{".1/"} belongs the same SU(4)ps,m -5 EH
be derived from Equi-Probability Relation of Transition between “Chirality Partners”,
X1) 04 I—T (RERER) Fi#2 - LU - BIE (R HARHF, presented at “HADRON 2015” by T. Komada and I. Yamauchi. contained in the respective chirality flowchart.

Exp. F-3 be derived from 2" = z}" (v - 7)/22 (v, . x)
¥2) w(1420) 1% V() ELTldzero or small contribution. [1] Belle Collaboration, I. Adachi et al. PRL 108,032001 (2012).

[2] Belle Collaboration, A. Bonder et al. PRL 108,122001 (2012).

[ LIzBZBNT="Phase”IE, $5 ¥ Lconsistent.

Figure 7: Via-y* T O HINE &
URINS

w7 | Figure 8: Belle « 7 — % Ok & Hio 7

PR (7, (9898), hy(10259)) 7%, #iadesecit, A((1,2)9):38, iETH Y, ZoJE
P PO = 11t BT L REHED Z LI ETRETH D) B2 LI,

5 &L Etam

1) 74— 27 ZHRITH LWAARY An-EAREFFEZEH L, —IcE—, F &
FAEFFINSERBE L, - D CEBICEFLSNE “EnRuy” SEERn—L Y
REARA B Y SRFCDES

i) LA BIEDO N R o [BGGmmi) &g L7ofER, ZInr v AL THD &
D LFEDR BT,

i) PAEDG, ZAVZIEMXERIN Y + — 7 RN B E L R e v OB IE, [
NOMEHY | LEDbIS,
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HEREFV +— VBB K DRNE D FREFRO/A 7 ViR R

H AR KRS (a4
AT 2 AL

1 [FL®HIC

RITOBT RN F—IEGRERORIRIZL Y, BT +—7 &0 Fa O FITE LW
BEZRF TN [1]. AFETERTAFv—2L FA Y (D= (ci,cd)) ([ZBLTIE, HEEREE
OV 1 DRI XTI EMNHEN. STV D A3, 2010 4025 2015 4E(27H>) T BaBar & LHCb
2k, ete WONT pp 2206 DA E FUSERROMNT, B(B,) B THEREDO X VY « Fuy
NMEAT DRER DR 2 S S, OB LRI F ¥ — L5 A Y v OFERHER SN 2] . 72
MTHEAO LHCh OFEFR LU, 2.8 GeV fF OB EHEBICE 2 kB ZEZX HND 32D
RHE, Dy (2760), D' (2750), D3(2760) M FAET 2 Z ENMBNERY, ZRHDRX Y DA
DB OFRE L 72> TN D, 74— AN L D 8EE ML T D702, WYIRRT v v Lo
TCHEMEMZHITLZ LM, TOMEFREZHRLZENEETH S, BIEE TIZIEHE
RFREY 27 A+ — 7 FERL (NRQM) (IZHES3 < BREEOFHE N T TICW < o0l 2Tl Y [3, 4, 5, 6],
PG & EBRAFHAICHMBE LE > TV D E VIR H 5.

—fRIZ, mEEREED D RERED L 5 1T K& RE EAE R OREMOERORA, AE#KO
A ATKREDEI TRV —%Fo TRBET 2 Z &5, O FEESIFESFRANTER Y 5 &
ERBHDHEBEZBND. & CTARMITIE, xR 7 +— 7 B8RITh 2 WEIRE) 77 4+ —
7 RRL (COQM) % AW T8, AU X 2 B 2535, S onickiRs, ERMELD
AT B IR 7 4 — 7 B OFE R & el L COQM D5 T & 2 FExt a2y, AREENRIC
WNNZEFE L TW A EEmT 5. £72, ERIICELZR o0 > T2 WIREIZOW\WT, 20E
B, mEE, RBA%E2EBE LT, SBOERTRODDAEEICO VW TH#ERTD. TEDOWL
DL, OB X AHFEREER Y, FEROEBR CTHRIEAETH D.

2 HTREFI A — VBB LM F VIR BRIRBE

COQM IE A Y » OFRHIMEE I+ 5 NRQM O EEARKEZ Do, RIGHSBIC HEH T
5 X9, TNEMEAHGICILE LB TH 52, Frv—2 KA Y U OEEERIE, NRQM O
Bagl k< KO ITRFZER Y f E AV UES W OEBOEZIE L, £im &b~ 232k Lz

ARG, HAKRFRFGER TR OH HBAR, HARPELRET (IERE) oLHERK, AAKRE
BT oA B, E L RKPE T Ok BRI & oRFRICES<.

2COQM IZRWREOREE 2R (7). 1 7 —F VKD RE GO +— 20 A Y VROERALZ L8],
W 4 — 2 AV RO (9],  Frr OEBIRET [10] 72 L, £ < OBGITEH S R ERIIRIHRIC OV T
BURROR 2T L TV 2. RiEoAAEROFE bSRI NV,
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[7—2 N LS FEAKA DNEEAS TS

2M

‘I’(901,962)(ai)ﬂ = W

P v (0, 2) @ W0 (0) (1)

a, BIXT 4T w7 « A —VOEEE, o (Zu,d 7 +—72, ahldec 7 +—2 O 40HERET, FEi
(FEXE) 4 JCHERE &1 XM = (mazl + maexh)/(m1 + mo) (a# = 2 — 2h) TRHODNTWDL. £
7o my o \XEE 7 A — 7 OEE, Pr= Mot IIAY O 4 mEBREEFET. Z OEBEHT
MPA LA OMR TR D7 T A« G RUBIGRRAEZM - e L TRESh5.

2 2
(wﬁﬁwNﬂ@)@@ﬂ%ﬂ:&,M@V:A<i&iw;K@#>+mmt )
TIT, A=2(mibma), p= M ThY, KIFEREREET. M2 EAC VKT LA
VIR 2 REGET T, © OWE T OBAIS, HERIICE < B bR BRI L v 2 = B0
AT bV, My = MZ+ (L+2N,)Q (LIX7 4 — 27 B O #0E A4 ES &, N, 38R EhE &1
ﬁ,Mmi%Eﬁ%@gi,Q:A¢§>%azé.ggﬁﬁ BRI RE D G2 &@%ﬁi zn
FREKMICKRTEZ HIB.

_ 2 e [P 22— 20 )2 —dldl
faw,x) = —exp |5 (@ = 20 2)°) |, funpeo(v,2) = afyal,, - falv,2) (3)

™

tﬁb,@:V}4mm+&m,ﬁ:(Kﬁ7ﬁﬂhCDQMT@%VV@%E%K%mT,W

SR T 10 IR XIS DR 0 B i % W9 B 7=, EFHRABN G Pral, f(v,x) = 0
(af HTHRFE 1) 2T ABRAEMICEE Th S [12).

—J7, AEUPEEREIE A Y OBELEETT — A N ENTEERTDOT 4T v - A L
DIETHZ N D3.

KWFFETIIA Y DT =0 LA A OMBEAEM %2, 3K [13] OFEICIE- T, (2) A2
BNTHYE OV — OV —i L0 dr LIRSHR D Z LICE o TEAT B DL EOPAEAD

T, Fr—L KAV L ORAF BRI 5 AR O BERIE X, BEERHO &KX T

f\/d4x1/d4$2 (21, 72) lffw”y&affw(af—<3—'1/)‘1/(361,$2)>3f¢7r|i> (4)

ICEkoTRHE SN D.

3k, BRZEERSy L AL ES DAEH R A AR LIZBICAERE LTAY v ORAE 29 X9, #REnidE
TR IR s NS,

Lpp 1ITRA T DB THY, MRFONGE LTI . F7, fr i3 FUBREERTH D, EROFHEDOBICIX
B s S— NV RRA R—2 RV THH AL OB R 2 FIZHFIT HEIL, FE5RN/NSWIZDEHET 2.
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3 HERR

AERIEOR (4) ZHA W THREROEMEZHE L2 RE2E LIRS, HEICHWZIT X
H—DEIILLTOBEY TH5H.

mp MM/
fr=0.922 GeV, g4 =0.75, 3 =0.43 GeV,m; = > = 0.387 GeV, my = 5 = 1.55 GeV (5)

Blidp AV ROV Y cUBFOMEE N HIROTETH 5 [11]. T35 OEIF R TER TR
HIEE<SHBNTZETHY, KR TTFEEITHOTZOIL, TIX AZ T« X7 A K — T HH

ZlizEELTRL.
Table 1: /A F 2 i HREENE O R & F2BR K UM ORI LD #5R & Dbk (in MeV)
Initial Final r
States States  This work  Experiment [1, 2] Ref. [4] Ref. [5]
D*(2010) D 116 x 1073 (83.4£1.8) x 1073 112x 1073 125 x 1073
D{(2400) D7 274 267 + 40 248 154
D1(2430) D*m 250 384 T107 220 161
Dy(2420) D*m 22 27.4+ 2.5 21.6 9.92
D3(2460) D w30 39 15.3
D*r 19 19 6.98
Total 49 49.0 +1.3 59 23.0, 22.4
D¥(2760) D w202 156.8 53.6
D*r 114 64.9 29.3
Total 2316 177 + 32 555.3 234
Di(2760) D7 41 32.5 20.1
D*r 41 20.6 15.5
Total 282 105 £ 18 (Isobar) 67.9 51
Dy(2750) D w61 ~T71 -
Total 261 71+6 ~71
D,(2750) D w878 - -
Total 2878 250~500

4 FEOHELER

FLERAE &U%Uﬁbﬂk L UCOEM L STV D A Y 2, D*(2010), Dg(2400), D} (2420),
D1(2430) D3(2460) OFHHEFERIZOWT, COQM O NRQM[4] D AR OFUEAL 1T, A
i;@wﬁ%ﬁfﬁbﬂ\é EMFIND . TEISEVTEN L S IZRZ 523, NRQM[4] Tl

® Tféﬁr@fﬁm ga = 055712 BN TVAHDIZKL, COQM TliE, 4 RITHHFHREIFD A — 3y

521%3? TEHREDE Z 5, EHENITROFEFORET W EHIfFSND Dr, D'r ~OFEBERLMHEL T DL
, RICITERERII NGO 2 2OF— ROMSEOF LV RE 2D,
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7 TR PO AE LD AERIRA FICBNT, xR o BHREICHRT 27 7 7 2 — AR
T 5720, ga =0.75 CTEBRPHBLIND L W) K ThOTNCRLRD.

WNT, 52 FIIREEORE IOV TS, J = 3 O D5(2760) Tix, COQM Dk Fixfh
DO DOFERIZ R TEN DT IR E L, ERMEICL VIEV. 20L& EFHx OBAClE, D*r,

Dr ~0%) @m%éﬂ%ﬁﬁfﬁﬂ_leﬁé LRTE SRS, J =10 D}(2760) Iz oW\ TI,

Fx KONRQM4] O FE 1L, LICEREEZ KE < EREDEREHZ. Lo, ZoREBICHTS
%ﬁ@%ﬁﬁm,ﬁE%®DﬂWﬁn®fT%%ﬁ IANNTELT, FTT 52 ENEEND.
D (2750) ICBI L TliE, EEAE AN T 4 BPRES TRV, Bl E & LT — R
b, JP =27 @ Dy(2750)8 LR LEHE L7 fE S, EBREICHED TEWVENE b, —FT
b9 =20 JP =27 REDIFERFRISN DD, RICEREZ[F-— @WWR%V&WELT%%%
95L&, 878 MeV LA EL WD TREWIELZ o7, FEERTHINT L Z LITE LV &
éné _@ LiX, BERCTZOLIBRENRIEATHDLZ L LEENTHD. HHEEMNLT D
TeDIZlE, ABRMORET v o2 bbOE TR L, XV EMREREEZROLNER S D.
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Neutron-antineutron oscillation and parity and CP symmetries

Kazuo Fujikawa

Quantum Hadron Physics Laboratory, RIKEN Nishina Center

The neutron-antineutron oscillation is based on a representation of the neutron as a linear
combination of two fermions with different masses, which may be Majorana particles and thus
lead to interesting CP properties since a fermion that is a strict eigenstate of charge conjugation
cannot be an eigenstate of parity. The neutron oscillation thus implies the violation of parity,
but the neutron oscillation per se does not necessarily imply CP violation, contrary to a recent
analysis in the literature. On the other hand, if one adopts the parity conserving AB = 2
interaction, the two fermions are degenerate in mass and no neutron oscillation in a proper
sense takes place, although it leads to a transition from a neutron to an antineutron in the
process of neutron § decay, for example.

It has been argued recently that the observation of the neutron oscillation inevitably implies
violation of CP symmetry [1]. Following Ref. [1], we start with the free neutron Lagrangian
defined by

L = n(x)ivFoun(r) —mn(x)n(x), (1)
that is invariant under the global phase rotation

Q

n(z), (2)

n(z) — e“n(x), nlxr)—e”

which defines the notion of baryon number.
The baryon number violating term with AB = 2, which is hermitian, is defined in Ref. [1]
by

Ly = —ée[nT(x)Cn(x) +7i(2)CRT (2) (3)

where € is a real number and C is the charge conjugation matrix. One can add a parity violating
mass term to the above Lagrangian in (1),

Lpy = im'i(x)ysn(z), (4)

which is invariant under the above phase transformation and thus baryon number conserving,
but it violates P and CP, as well as the time reversal symmetry T. It has been noted that this
parity violating mass term is not eliminated by a global chiral transformation if one wishes to
keep the baryon number violating term in (3) intact [1]. The set of equations (1) to (4) are the
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basis of the analysis in [1]. We also adopt the effective Lorentz invariant local description of the
neutron in the present paper.

One can confirm that the starting Lagrangian (1) is invariant under all the discrete trans-
formations P, C, and T (and thus CPT also), while the above baryon number violating term
[d*zLy in (3) satisfies

P=odd, C=even, T =o0dd, CPIT = even,
and thus
CP = odd, (5)

which was emphasized in [1].
We now observe that, if one performs a /4 phase rotation

n(z) — ™ n(z), (6)

one obtains a hermitian baryon number violating term from Lp in (3),
7 _ -
Ly = —ie[nT(:U)C’n(x) —7a(z)Cnl (z)]. (7)

Remark that the baryon number preserving Lagrangians in (1) and (4) are invariant under this
phase transformation, and one may naively expect that once we choose a very small baryon
number violating term in (3), the C and CP symmetry properties would not change under a
phase transformation. However, one can confirm that | d4x£l’3 satisfies

P=odd, C=o0dd, T=even, CPT =-ecven,
and thus
CP = even. (8)

This shows that the charge conjugation property of the baryon number violating term has
no definite meaning when one performs the phase transformation, which defines the baryon
number. The baryon number violating term implies that what is the particle and what is the
anti-particle is not unequivocal. The CP property of the baryon number violating term depends
on the choice of the neutron phase, and in this sense it does not give a unique answer when
applied to physical analyses. Technically, this uncommon feature arises from the fact that C is
specified for a combination of two terms in (3), while P and T are specified for each term in (3)
separately. One may conclude that the observation of the neutron oscillation per se does not
necessarily imply CP violation, contrary to the analysis in [1].
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Asis noted in [1], one cannot eliminate the CP violating term (4) if such a term appears in the
Lagrangian, without modifying (3). However, if one takes the CP violation in (4) seriously, the
Lagrangian (7) rather than (3) satisfies one of the three conditions of Sakharov for baryogenesis,
which requires both C and CP violation.

The parity of the Majorana particle, which is briefly summarized here, is important in
the analysis of neutron oscillation. One may represent a Dirac fermion ¥(x) in terms of two
Majorana fermions 1 (z) and 9 (x), namely,

1 1
V2 V2

Note that an application of the conventional definition of C to the Dirac field in the present case

U(z) [Y1(2) +ita(a)], () = CU(x)" [Y1(x) = itha()]. (9)

acts as if it is anti-unitary for the linear combination of Majorana fields, by taking the complex
conjugate of all c-numbers appearing in the linear combination. The Dirac fermion thus forms
a doublet {¥(z), ¥¢(z)} under the charge conjugation. Under the parity, one has

TP (z) = 7 0U(t, ), TP(zx) = — T°(t, —7), (10)

namely, a Dirac fermion can be an eigenstate of parity.

On the other hand, one can write Majorana fermions as !

1 1
x) = —=[V(x) + ()], x) = —
1 (z) \/i[() (@)], Pa(x) NGT
Under the charge conjugation, 1{ = 91 and ¥§ = 12, namely, they are the exact eigenstates of
C, while under the parity we have

¢}17($) = i70¢2(t7 _f)a wg(x) = —’570@/)1(@ _f)a (13)

namely, they form a doublet {11 (z),¢2(z)}. When the masses of the two Majorana particles
are degenerate, these symmetry operations are consistent, and C? = 1 and P? = 1, namely,
the eigenvalues of those symmetry operators are C' = £1 and P = £+1. However, the Majorana
particle, which is an eigenstate of C, cannot be an eigenstate of P. A way to see this property is
to note the relations

[W(z) = U(x)]. (12)

(YP)P = Cy°CT A = —y, (14)

In neutrino physics, it is customary to define two Majorana neutrinos v1 and v by

()=vCome ) e () (1)

with a 2 X 2 unitary matrix U in the case of a single flavor.

110



Soryushiron Kenkyu

and (YP)P = —1). Namely, (CP)? = —1 and thus the eigenvalue is CP = +i. The Majorana
particle with C' = 1 cannot be an eigenstate of P.

In the neutron-antineutron oscillation, one encounters a linear combination of two Majorana-
type particles with different masses. One thus recognizes that the above doublet structure under
parity operation is not consistent. This shows that parity violation is a necessary condition of
the neutron oscillation. Since two Majorana particles have well-defined properties under C, one
might conclude that the neutron oscillation inevitably implies CP violation [1]. We demonstrated
in Ref.[2] that this is not the case.
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