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Hadrons to Atomic nuclei S>A tan g

- 'l‘from -Lattlce QCD




B FQCDTHEFRZHRANSICIE?

No interaction

DO EEE

IRIBKL D+ KRE TN

* R<r<L/2
NBSK En B

ei9(D) sin(gr — Ir/2 + 6,(q))

Yi(r, q) ~ Z4 ar
BRI TIE
< - | B G@=0  g="T
BEERNBBE T i #0 * 51(a)

BRFEBAIN(SKDIZE)

2T

o

qcot(do(q)) = 47r— Z (p")2 mpre I' = {

pel’

—Nn

P=7

Lischer’s finite volume formula

|




HEER (RTFY2v)l) ZEEFETELRVWD?

BEES  QCDICHIFARTYIvILE S mmn?

©—UAiER¢cwOU
ERfER (BGELUMEZE)

80 L] l | | ] L I Ll 300|||||||||||||||||||||||
. B 1 -
[ —— Virtual state 150 v S, channel 1
60 —~ -
mid-range | 2001
/ attraction =
40 -~ v | repulsive
E 100 | core
short-range Ry
20 - =

repulsion

0 100 200 300 400
T [MeV]

MYy )L =Z—U TIER WD, MENEEZERNICIERT BICIEE

-100 - AV18

Moo v)l (RE—LICKD)

L Reid93

r[fm] -

[T T TR T [N N S T T [N T S SN SO N SO N
0 0.5 1 1.5

running coupling® A F¥ —AKEFELH. EHEHBEH
j%@‘:ﬁ} do

H %73 & [FHE A 1F)

2

25

JoO

JDMEE %

7J

&



Wilson loop T’ static quark potential > [ hMOU-QsMTe

Tkahashi-Doi-Suganuma, hep-lat/0601006

| | Tq|q |q|qT
(a
J LY FEBDOER
(x=0.1650)
056 ——r———7———7—

V-2V, [GeV]

KT T

-05 s x s x s x s x

0 0.2 0.4 0.6 0.8
Distance r [fm]

0.5

Qag qqQ Qqgq qaQ
C T
(b) (c)

(x=0.1650)
Vo2V, [GeV]
i ﬁﬁ i .
0 0z 04 06 08

|

Distance r [fm]

r QUtrsM{

OM«¥"«> m %lae!l waEc2”w'm* Q>-%o{

Qaq qaQ

]

0.5

(d)

(k=0.1650)
V_.-2V, [GeV]

ERARIE I

0 | 052 | 054 | 056 | 058

Distance r [fm]




ElIcESE

CepGEUzZ v.uOUrw'Ot;6 ' oM"WT>AItD, h{

N
/
CP-PACS Collaboration: S.Aoki, M.Fukugita, K.-l.Ishikawa, N. Ishizuka, Y.lwasaki,

HAL QCD

téR

K.Kanaya, T.Kaneko, Y.Kuramashi, M.Okawa, A.Ukawa, T.Yamazaki, T.Yoshie, Phys. Rev.

D71(2005)094504.

{

)

N

{

i
(i

.\.
\

AL

...

.,%,o
4

y

{
{

|

{

)
!

...,
"
i

|

W

Q

<0
A7
e
0~

../M il
\
,....,........“.....
¥
N
\
\

|

§

.
S
il

...a.
,A,.......
N
i
....

..4.»
i

{

|
y

J
i

]

|
\\..
{
|

ia

1))8
19

'

7

IAEE-> TER
Rz{E-> T

Al
S
/

H

THEER DL

Z5l 09I A

4

URO®—Z€t-QfO{ ghaeti$]

Z\WAL>Elhs>

a

Dtt2 " UC™“z0é £«A%oe{

a



HAL QCD;ED kg

DE 9. (AIREZ)NBSKEIEIH A E A, CNHEE
o
k(1) = 10N (x + 1, 0)N (X, 0)|N N, W"

sin(kr —In /2 + d;(k))

= Zk

kr

Wik ! Wy, =2mpy + M,

QLT TIRT YV v L& E .

P (S —
. i 0

k2

M ! Hol" k(X)) = V(X," )" k(X) =g Ho=
L
NNDIHE
V(X! )= Vo(r)+ Vi (r)(! 1 & 2)+ Vr(r)Siz + Vis(r)L &S+ O(! )
LO LO LO NLO NNLO

QLHDONBSKEREHK =1 > Ty LT, RTYIvIILZHoERADERNSKS (R
) « YEE (UHEERE) Z5E,




SFNFZRHWCEFS

AFQBSBCMF QP UHRQ®)Y B=NMv(Z)v(Y) vik) = e ¥, x:= [K]
FERPFTEDKE L)
Apwp- R: IR cut-off
i 5(K) 2 2
1 9(x) = ekx sin(kx + "(k)) — sin" (k)e ™ <1+ x B Jz’uk )>] « 1 R
iS5 (k)
- oekx sin(kz + 65 (k)) r> R

phase shift dr(k) is exactly calculable.

kpusAL U(k, ¥)

-0¢7yIi£ UAiI3RC>;MhAL VEO(r)  from k% =0 or k% = p?

/-0 UAT3R¢>;MhAL Vo 0 (r) + V-0 (r) V2



w/u*= —0.017, m/u=3.30,Ru=2.5

— exact U(Z,y) = wo(T)v(Yy)
[0- e from Vo(LO) at (k/u)? =0.00
—— from Vu(LO) at (k/u)? =1.00 .
60- —— from V(NLO) at (k/u)? = 0.00 and 1.00 vik)= e ¥, x:= [K]|
50+
LO at k? =0
= 40-
ey NLO
30+ - -
NLO N7 > v I)LUIXEE
20- %z%ﬁ<ﬁfﬁ—§_%o
10-
0

000 025 050 075 1.00
(k/L1)?



k cot(dp(k))

w/u*= —0.017, m/u=3.30,Ru=2.5

4 ()4 —— exact

—  from V(LO) at k? = 0.00
3.97 — from V,(LO) at k2 = 1.00

*
*
*
*
.
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
‘0
L/

*
*
*
*
*
*
‘0
*

NLO

*

o

‘0
*
‘0
*

LO at k2 =0

- NLO ERE

LO ERE ar k? = p?

ERE =Effective Range
Expansion

NLORT > 2 v ILDFERIE.
NLO EREDERE D B,

LO ERE ar k=0



HAL QCD;EDFI =

OEBEITH 2D, L DEFEHRBERNMEESND, (BI)

@EBUC & ZEREDFHIMNABET, A ZH T2 &LHTES, (FIHR)
QM. BERRRIRIERED AR,

DWEEF v RILNDILEREDNB Fo

BREMKTEEIC & D B REEDIEER S EA AL,
R(r,t)! F(r,t)/Gn()%2= At Wo(r)e ' Wnt

. | 1“ 2 Potential
* I Hg ! ﬁ+ a1 12 R(r,t) = V(r," )R(r,t) = Vc(r)R(r,t)+ aé

BRI IERILF—DONBSHER

40_| | I‘%Il

1st 2nd 3rd - :
30 F i =

B t
20 I —

LI

HEFELORERIREDE U RT >V >
TRiEhd I ENEZ S,

Sy
v

Veo(r) [MeV]

- | total —+—
_30 el lst term ——+— 1

- i 2nd term —+— 1
_40 : | | | | | | | | | | | | | | | | I3rl.dlt?r.lml | | | :
0 0.5 1 1.5 2 2.5




Vc(r) [MeV]

Vc (I‘) [NleV]

40

30

20

10

-10

-20

-30

-40

200

a=0.09fm, L=2.9fm

m, ~ 700 MeV

1SO
NN RF7>2vil

50 F

40 |

30 F

20 |

0 [deg]

10 |

-10 |

60_!'"'I""|'---|----|....

I .

exp
lattice

0 0.5 1 1.5 2
r [fm]
300 T
1Sochannel .
| repulsive
| core

100

Bonn
Reid93
~ AV18

0 0.5

2.5 0 100 150 200

Eiap [MeV]

NNRT > 2 v )L DEHENGHEE Z Bk,

(1)FREEEETD5] ],
(2 TcORFRD (FRAR) o

_20'||||

350



HAL QCDZDE%: (TAR)

BOEF#H (QCD) XS (FriLW) B EBIRGEZEL

TxIF¥—ER%EEZzQCD 9

ZENFICTTBHEEFrRILD

RTF> vl & Bl
N1I\@1!1é~é fi*ﬁ? N,I\@,!,éé
b, ae SEIBIRAE NIRRT
BHEF. H, - s=@ye NN, I ,4é or D, H,---

NROVEBRRICHER S hIERE (TAR)

IXxYVFyoN\ROYZEEHHIBIAREZEEGREDHAL QCDETHEANAT, GEZS0
ZOHEEBEZHSHIC, /\FOVYBZETERIETSI &,




FXF : AdS/CFTXIL

https://www.musey.net/2692



F0I®ED

201 3F4RH. FRKED S REERZEEIEZINR
EEB b oTc, (RBEFEHSADIE?)

FRICE), XS HERPDEMICE

EiCiE. 2SS A *ﬁzliéhﬁéi‘giﬁ_nﬁﬂ@%%qu REDNE W, FAlCE > T, ADS/
CFT;CI-F_\ iT/u\nﬁ.T@jfu \ ngﬂé/ufdé:b\ i’w—@EE_nFFH@I*)I/:F_XO_ )L%*ﬁfc_fd

FEZE & UCADS/CRTZ R T 2 Z2 L TWS I &2 D HERZRF D,

POV T KERSAERARNTDFEME AN 2 RITON)FERZY IV NERDOT 271 T

h— - 70— ICEATI ERFELTVNDEZBICEDD DS,
w3, 3ATHRXEEL,

rTZ5P o6 TEBAUPE

WD 7?; EH[E

-

Gue”ee




oMK 7AO—F%2MBULIEDENSE, ZORERZFE-> T, EHEICH IRTDEEETEE
L. "ROY 271« —"EBHEZIESR.

NBEAR Z &I, masslessilBfR Tld, sTEMAJSZEEZ IR T HHDICIR D,

FDHE. KEFAZA. Peter Weisz, Janos Balog& 3 RITTON) R 15 —IBSm#A & DT
=9 5, BYIREREZITNIE. masslesstilBfER TAASHH 5D, FDIEAYCEKRIEIANEAE,

J. Balog

/3\8: 5 DI & L TCFT(Conformal Field Theory)ZzEXD ., XIind 3RO 5714w Y
TEZFANBE] ZRWVWDL,, CFTOFEM#ITEMN>Teh. SIS APERS AIZR
1’1%7775\’)710)'(\ MARZDE LS AICEZ#ENT. EEATIIEE S,

L]

ERSIAICIE. DILAYZAWCADS/CFTHILDHESZHZITHS D,




70—15ZHAWCcAdS/CFTDBR &4, #l

70—51ER %"aﬂ,x): 1 m? et x) w190, 2) = "% (x)
(d+1)-dim. d-dim.
* o°(t) = o V) = iyl (i)
N 1 2(t, x)
b hi=-70—-% z:=(',x)! (R",RY, ! := 2dt
N ¢ .
142) = g * 112(z)"s = 1
L A(y)
BT T
ON)s = 5 [ DeO@)e @, 2= [ Dpes®

d-dim.



(d+1)XRTDETE (BEF) IN
gas (2) = R* 1A4"3(2)!'8"%(2)

a=1

DOZF DHFEIX. EARKBD < BIR,
@ DEEIFX T —INBRTIE. HHWICIRDES,

(gaB(21)9cD(22))s = (9aB(21))s{9cp(22))s + O(1/N) * 'Gag (dcp )"s = Gas (Ydep "s) + O(1/N)
EFF TCHBEMNAE S

QMBILS N7 O—5DERK | FHEDHFED "BEHREE) [ R ADIER

Bures|E#sTE | BEARREBOBETIIOREDIERNMZSZ 5
IN

SDEE 1 (2) := | I"2(2)"" 2(2)] NEDIT>H > )Lxd

a=1

R RG * trp(z) = (0(2)%)g = 1

CCETIE. FEDAATZ—BER/ICHUTEHDIIDHEE




CFTOIZED7A—13
(@t 2)9(s. ) = eF T (@) p () epr = Gt + 5, (x — y)°)

FZARV—5 L) =""" (%) * G(12(t+ ), 12(x! y)?)= "2 G(t+ s,(x! y)?)

'> Gt v =g +1s>AF0 ((ZZP)
N

P | oot - (22) F(EE) | rg- 00 po)=1

=] Y= ' — x | | A
70—7AEAHh5 ! (t + )2+t Fo(0) = (t+s)A+1FO(O) * F0)= - 2d

FPEQHFHE G (2= RAUATEX) B (LX)
RZ! ! ! 2 2} ) _ _
g (D= " M@= = T g (2)= @ (2)=0

* dsc = RZ! d de AdSEtE (Poincare patch)
|




BECFTHhSAASHHT=DH ?
A7 A—=7ILxIE (EFH)
poonfu () = 1 IxH#," (X) ! !H(#u!x“)" (x)

IxH = at + "Hix + #xH+ B2 2xM (b x')
SO(d,2) or SO(d+1,1) R7Z>VAL

dilatation special conformal

AASZEHODOEFEREHE (HER)

19 gag (2) = 1 12%"cam (2) ! ("A!'Z%)des (2)! ("8!2Z%)0ac (2)
lz:=(1",Ix), " :=(#! 2 x" )", IxH = 1oyt 4 2y
AL ? .
- 48 1(z2)= | | 121/ 2dy

Rl hico0—15 (2) ANON (X)

. # >

!.—conf " (Z) = | ' e! ! /2d! conf$(x) = | di" n (Z) + | extra n (Z)

’ d" Fo(0) 43 . 20 +2)
!extra " (Z) — Hbl $! $" + . # " (Z)

[ conformal symmetry £ isometry in general. }




SHEQHFHEICH LTI}

FM gag (2)" = 1Y gap (2)" + R lim ; ;A ; \:VB 112 g (Z)#(wW) + #(2)! O #(w)"
BFNICETET S &
! extra n " " extra w ) —_ 64d3 2#)( ! I i 2d I 2~
@) (w)+ 7 (2)! WW—!Gﬁf%?LW@¢@WW!WWM)MF é:%?

Z=WCTHERDHITIF 4 DL EDHAHE

* 19 (2) = 1Y gag (2)

A2 7 A—ILAZTIHE

1eontae (2) =0 * 1 ge (2) =0 AdS Isometry



CFTZB A IR EK, #Il. &

AT —IVAZ IR IEEN amp R i tl 12t x'! 1 x (i=1,..., d" 1),

Bl 22 LT > H—XHRME(Z=2)

CD&SBERZD=d+1 RITICIEDHIAD & FOXFEE Y 7 4 —<ILEFRED —IBIC 1R o

"Sxl =a + # x| vixt + $x 1 2bX X" X" =t, X . extra coordinate

nsS,,+ — At + +3\2 i
X" =an +2%x7 ! 20(x7)7, v': Galilei, u: mass operato

"Sx' =+ vix'+ k2.

_— UV singularity DERE ICHE
JA=AER s(a#) = im 427 "+ P8 H), $(x;0) = O(x),

# $ a4, 12 o+ 2imt )X, + (Ka)? XD,
* %xe;")%(X2;"2) =~ G Xt 2im. )Xy, + (Kig)” Xi

+ +




"ONIETEDHAFE

(0, : i :
ds® = ;#%d#z ‘] 64122) (b)(dx+ )%+ 2 | GEAM)! #ZI mGH (b)dx+ dx
r @my6eob)ax )2+ 1S gy

AT—IVAREEZFHFD FrLW) —izrSIEHE XTI FmAYEFZE

m = 0: Schredinger spacetim

¥t 1 COFERTPI V22191 VAEROEZHETR GV, YEOIRILF—EFHE
TV IVhRE, MESEAH?

ValTa Y H—BEDEEIEmassive U(1)T— VB TiETE %,

— iR FETE YT SRRVAFZE 2 BR IC K D IBR (S ?
70—l EhzikTcEdH?




AT — IV ARZE 18— g Y1 FEE X G A B 22
B/A. Balog, #&Ill. &

1  BENIHIREOENEU(1) T —Y ey J RABH+ENIBICRT 27—V EEIED.
'-nﬂﬁéﬁibﬁ*i—ta)ﬁg‘(— %jo

I

i
§.

JO—ZRH22ElF. T—YVEERIT DI EICHY?

2 70-%BI%. massive U(1)5—I50RE5Z %,

/Qu(x; 1) | |§( JHOGD)HE G " #0G)" " # (X)) .

70— ERLEDOT, 1T YYVILDOBFENFEELT. FnhT — U5 0OHFHE,

il GO
2G1.0(8)98

A ()= " 4mGO®),  A.(2)=" EENHEX DR

Z0—35E. SIERGTERINIL OYEZOMBFHESDIEL <9 %,




(BIARVZR) %R

70—Ic & BAdS/CFTXhY, EEDAIS/CFTXIIE & ERIR & [F B AR,

AdS/CFTXILTId. CFTHZDZEE, N=4 Super YMIZZ Disrl &5 ?

INIVD IREBERIEStringy THh %,  (FEIEEBEDUVEBDEWLWD T, )

(scalar) field theory " "Holography”
CFT Flow

something
on AdS

holographic
dual ?




RiZIC



EFEXT (BIVWIEFERS) AZPSHN?

1. HAL QCD*%

JEE/LRDONBSIKEN B # =
3 AR DHEE1F

IRyt

g"?ao TCT('E LJ\

¥ [CIE

ETORY

MRTR E o

JWeRT > 2 v )L
O ERIREN. B &,

MR REDNF ERRZES APV —HEICHRLUIL &£ D,

2. (ZE55HF) 7A—iE%

AL
BRBEEDCFTNS 7T v ImR—IL (FTLAY) BNHDZHM? @F

JNIL7 15 BEEBEE DO FFEMIRE,

.?.

Lml

il

S INDEVK?

IV AdS/CFTX G & Z DihiRo

\/a/ {

7 o |

SHlE A, EASAZRZUOHETBIEFDRY v I, RARY, [\
S CEIRD B D HIE—EICPhEL LS | S

https://www.musey.net/2692



Backup



2@ gxaSowZzZeE " QCDwil

.ewWA’U®" NEcU!iwgYp<tqSo _h’'«"¢ by D+ e £

pl (19834 £¢° ws8zrs$s“Azx¢Di-1aY»2% z8A U2 %
3J4er3aix¢cdMeME«aiBUAZ—. U

Guethb+z iz Gross, Wittensr£EU”™ T'meoalhi8

NEcU!iwdJe¢C ¢c-i"Evw gUZh £
‘X="e0MhwUz Wilson « KS(Staggered)
y MNEcU!i< efeoMh¢ SLAC, Rebbi, random lattice,....)



plw Wilsonquarkw-»s:¢8J: £ 2

mj
m ! A(M" me)
PCAC relation ?
Tug$—-e
’? ¢"“‘f mC O
plwhewYde Flg—-0?e" QCDt»®©!TU Ob”\qxD6Te

">0wgeae> [b’hSw OgRQ”"®IR&e$Owge WRQU ™tKIh{



haewyr

QCDw?2t liw large N lattice Gross-Neveu model > Wilson fermionpr s {

AM e massless pionUqe”;1>1"Tth”{ Wilson parameter rw O g>!Qo E

> oyZzCO%s “ "U«Q"—-"Xs"wpxe (automatic O(a) improvement w
g"“E

ALe m=m _cpmasslesspionUZ”"{ m<m cpxz ! iZpsX " U84« Em

~NteeXg w m . cQpmassless, fwWEpx " w84 «x é{

Z<wil >77{ $
$% - ) * ) -
) | = I'Oig""# 0
) )
% | | | | |
1! [ 1# '|'$ %



\WALgz QCDwil w'Yz - EwWMO>fgSoe,e t ' zdd/{
GNWAL> QCDWSCEpP-TS”-%0>S"”{

'Yé“WALC " U84:EmE>""{

°Mzdde weNa”"eU’Ax"ce _oe{é’'loMh’'S*"ceUtx"“qa
> S"\g>£ZAIl p{

fe>!1Z0oz8AUWAL> So~ [>*"d@{
Z<tplwéNae”eU”A>Ld"{¢YUOTIhE

REFEREE7S REPORT
This i1s an important paper with many new and surprising (but correct!) results; it should

certainly appear in the Physical Review D.
Cotf

| wish | had been smart enough to see that argument before | read this paper.




y Mr .

éi"w "@m  =xC$sieAYw «>%VI\b—I%b”O ‘mi
¢C‘XEIlh«e Isingmodel) w-—TWEY —RQMUptgmz
PCAC=mean field critical exponent T 't I1pV " {

m ! m" me) # ! =12
_€éi”+ GNbosonpAZeyzi8 tPIhO‘mi

UTlo FQysocegph“2w\qT,



fw™w 2 %o
U(1)8IXrOs " wTe"VleeAV~Ne"i"wxC$ ot "{
ifsr UIR{T:Ne”["t° ={-:xe¢qO<"8J{E

"G B3 "
' Zebmt Mg >m§
o) Awt)" # , Z|t¥ Mq = m§
X bopanzy zogmt Mg<m§
M M
Ian = I'G#$2" " ( spontaneous breakdown of parity and Bavor symmetry -
NG 31 " # 0| 119" 431 " =0
Bhs !
s mo i mdP=0 at mg=m¢, o0 = 1G" A3
$ $ #H 1 ' q g
$ # 1
| $ gy # f
" + 1 — ol +
3 i
: 5 $m-#0 at (mg &= 19" 51!
" !
m?. =0 " | "




'Y hil

/ \ #!Q"5#3! $: 0

A B LA
HO " #3 $%0

M(9%) M(g?)

1 4 1 2 0 2 4



fw™Mwecatwge™
eNae”’eU"Axq<«<TXzyr xsTsST!ZOe esM{

g
QCDpx parityx esMgMO¥M ~

Vafa-Wittenw g¢Ne”1”«fa@AYOJQx ssM{" QCDpxARQqE

plwS w>E] .

A¥Ngyr wY MMxOUKIh{¢cw-—T$SRQtOb"06T0OzZ"
MQr<« mww-%{tdg$-—-gMO "sRQtz,ozxlsr {£
hi>z\wr tE£"wWpxsXz w*“A> S”{¢Y M\gxl Ugoy!

ZOe " (£
xs\qU!ZOe'esMwpoah\q o
Guz°vw C¢xUw,pRQ’'«"£ Z€ U T’ meoMlhwpz’'lhZ€

XKI“xUpRQsM

JEegRQ” z UGVMUgeaetE§XsMZ€ zxUpRQsMG :wZE€
\e'>a b” " Mae AUuYag e

Ag!ZOeoXeh e Creutz z Schiling, Z"cezE'"cez’' U e ¢Kh*“?2
aEerEz >*ez¢ UED+EMNe{

@2é>AmepRh « Bitarsr

Ale goerw ¢YUUIT“ ozu TIhE

QCDgq



gxtQzZ€ g ofes“t°Arehwx3%M{

Lattice1l986tx ... p€ C{

CT\ilhwp€C .. wOt>T% "% €C E=tDPloMsM, £

l&ecA” «{

OeOea&> "¢ Creutz, Weingarten) Weingarten x 0~ "0 X*h‘Op Kl h{
1986 aYt,ZwUpA«t 7{

CreutzT'U€zxPt?éU»TloX"{

198743T'¢O*Atc 'c£ BNL -,

Mike Creutz




8

Sharpe-Singleton: ChPT>—1hil wrs¢ | or lw3Eea!f
DWF/Overlapew ;z  Golterman-Shamir wmobility edge sr
qOXxzift!ZOe’eoM”"¢ Oi£f

hi 'z MtK"W-—{$sBQxKt“gr*eoMsM ' OiU{
¢C‘XUT'sSMUz?T!s\qUK"{£

u“&lo

7st{Mha U\eilhwxzfw™wZ€u» ¢ctGVXel h'Oi{
¢« T h'z®2qg[ T<{£

gewy.l srtp {

"sr w ™MtxVjlg hgr—;IU O oM”xc{

—yp<Y M\gxY M{
XYXYIlo»Te{rtOwgawe"a{
®Owgex” gaewE AvT’ [/~e”,
cu'rcewel«{® “ "DOQXALpPK” £

T zMmM<«OfXa@eX pxsM{«e" 8§ a¢c®”" geew U=



