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From QCD to Nuclear Physics

More parameters: Complements

LQCD + EFT my, Md, Mg experiment



LQCD Finite Euclidean Spacetime

neutron-proton in a 4L torus

a — 0
T — o0

. . 27N
« Discretized momentum: p = ——

*Maiani & Testa (1990):
No-go theorem
 Liischer (1991) : scalar bosons
E L, — ) (q *)
e Beane et al. (2003):
S-wave NN-system (CM-frame)
e Ishizuka (2009):
NN-system (CM-frame)
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‘Exact Isospin symmetry ~ p <« n  mu~ 940 MeV

e [ =2n, [=1, S=0:

A I A A 1A
( P R D ) > ( n 'n - (nn )
L ¥ Ly v
A A
e [ =2n, [=0, S=1: ) D & P n Deuteron channel (35:-3D:)
! ! ! !




Quan’uzatlon Condition

' Jl,Ll,I SHJQJ%I S >=< >=@K

det ((MOO)_l 4 5gv)

Scattering amplitude
Diagonal in ] -basis
mixes l-states

Kinematic function of (L, E;)
Mixes angular momentum

Diagonal in Diagonal in
Spin & Isospin Spin & Isospin
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Boosts & Symmetry

: d = (0,0,0)
O: Cublc 3
d= (2n1,Rnz,2ns)
/
d =(0,0,1)
D4 : Tetragonal e
—_—
d= (2ni,2nz,2ns+1) /'
d a (1’1 ,O)

D> Orthorhombic & Ei,
Q —
d=(2ni+1,2na+l1,2ns) 7

Isospm Spm Parlty, G

' 49 QCS for 16 scattermg parameters’ '



TiSpectrum  IEKSIONK

. mn~140 MeV |

~ “J=1, S-Wave state”

. “J=1+3, D-Wave state”

3-D quantization condition,
mixes J=1+3 channels .1;

~ t-channel cut

Deuteron

Input physical phase shifts [Nijmegen partial wave anas » “ -nline.or


http://nn-online.org/NN/?page=nnphs2
http://nn-online.org/NN/?page=nnphs2

T1 Excited states (0.0.0)

€1

1%texcited state |

12 14

I
—_—

2"dexcited state |

12 14

3"excited state .

12 14

SR

4t excited state |

12 14

degrees||  |—— Experiment

e Hits

10 20 *3'0 40 50\60 70 80
q [MeV] ]

Can we expect to extract
such small mixing angle?




T:1 Excited bound state EEXGIN]

e [nfinite volume deuteron




Boosted deuteron EEID]

§gie g2 — 0o g0 o f

9 10 11 12 13 14 15




Boosted deuteron EEIUIE]

9 10 11 12 11  / H .




Boosted deuteron EEIUIE]

- m = Ay, 00D = 0D = (D) _

e o o AQ, €1 — 0
. 0
o= R, 60D = 60D2) — 5CDs) —

'QQQE,Elzo |
_ 5(3D1) — 5(3D2) — 5(3D3) =0, ¢,=0

10 11 12 13 14 15
L [fm] |




Boosted deuteron EED]

| Energy gap, strongly %
Of ~ depends on magnitude &
;} sign of epsilon! ’-

9 10 11 12 13 14 15




Extraction Estimates

6 input energies, 1 volume, 4 different boosts d?<4 .. - opx = 1%
{1 op- = 10% |
fEEm Experiment '

R

———

—3.05—9 10 11 12 13 14 15 9 10 11 12 13 14 15
L [fm] L [fm]

No extrapolation!

——

9 10 11 12 13 14 15 0%~ 9 10 11 12 13 14 15 }
L [fm] L [fm] i




Extraction Estimates

« Oinputenergies, 1 volume, 4 differentboosts d* <4 _______________ - o = 1%
| k1 op- =10% |
fEEm Experiment '

1%, comparable to
experiment!

O 10 11 12 13 14 15
L [fm]

ke oz b RN




Final remarks

» Generalized dimer formalism: scalar & nuclear
» Master QC for NN systems
« AllJ,S, I L, and boosts
x 49 OCs: L <4 and 3 boosts
x» Can study the tensor force from QCD!
» No ambiguity on the sign S-matrix elements

x Thanks to collaborators: Zohreh Davoudi, Tom Luu, Martin
Savage



~J~J~J-J<J\J~4k4.4;44¢-4c... 'Y YN Y YYYNYSN
AR RRRRRRRRRARRAR AR R ARD y

JJJJJJJ A AR RARR R R R R R R R EEEEREE
P 22222202000 RRRRRRRRRRR

T YT YT YT YT YT T T T T YT YT Y Y YTYYTYTYTY Y Yy Yy "
.f444411144A441414,4, ,,,,,

T 1YY YT Y Y Y Y Y Y Y Y Y Yy vy \
JJ.fJ¢444444“...... .......
T YT YT YT YT YT YT Y Y Y Y Y Y Y Y Y Y Y Yy vy
JJJJJJJJ4444444444,.,,,,.,,

* b 22222 ER R R EEERE R N

2B RARRRARRARRERRRRERERE

T I T T YT T T T YT YT Y Y YYYTY Yy Yy y

Jsz TY YT Y Y Y Y Y Y Y Y Y Y Y Yy

JJJJJI.:::t.. ........
JJJ444444.¢¢.. ........
I B AR NN NN NN RRARAR AR R AR AR AR . . TY Y Y Y Y Y Y Y Y Y Y Y Y Yy sy
D000 0000000000000 0000000000000000tsssssns AR ﬂb 122 ARRRRRRRRRRRRRE
DAL RRIRRRRRRARRIRRILLS YYD y YYYY Y YY Y Y Y Y Y Y Yy
BARRRRRRANRRLRLLLLLLIRIRRNIRIRRRRRRIRRANS l'lllﬂ. e ARRRARRARARARRRRARRR
RN RN R R RN RN RRRRRRRRRRRRRRRRRIRY seeee e f AR RRRRRRRERRERRERE
BRSSPI RRRRRRRRRRRRSY OOOCCJ. R RRRRRRRRRRRREARE
BN RN NP RPN NP RPN PR R PR PR R RRRRRRRRRISS 2e0000 20000 .
BN NN NN NRRRRRRRRRRRRRRRRRRRR RS e Y bﬂbﬂﬂﬂ%ﬁ.... .......
. . BEREERERERERERERERE
(AR RRRRRRRRRE
..0.0. /444444:......
.0 Y Y Y Y Y Y YT Y Y Y Y Y Y Yy vy vy vy
A YIS YT Y Y Y Y Yy Yy Yy Yy vy
»® e 2222 R R R R R R R R R R
.. TYY YT Y Y Y Yy Yy vy vy
Y PR RRARRARARAR AR AR A RD
» TYY Y Y Y Y Y Y Y Y Y Y Y Yy vy
*

JJJJfJ J444441‘4‘4 ,,,,, !
. YT Y Y Y Y Y Y YT Y Y Y Y Y Yy Yy

T YT I I I Y YT Y Y YTYT YT Y Y Y Yy
T Y Y YT Y Y Y YYYYY Yy vy
JJJJ4144;4144,‘,,
. JJJJJt.tpt.-.....
4J444444..... .....
T T YT YT YT Y Y Y Y Yy Yy y vy
J T I Y YT Y Y T Y Y Y Y Yy
.H J JJJ44444.-....

JJJ.JJ;.4....

AT YYYIYYYIY YN
PR R R R R RS
Jddaaaaa..,..
T YT YT Y Y Y Yy
TYIYYI T Y Y Y Y

» %
e
.
.
.
-
-
L J
-
L J
-
-
.
-
"
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
L ]
L J
L J
L ]
-
L ]
.

-
-
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
»
.
.
.
.
.
.
o
.
.
.
.
>
-

.
.
%%
C:O:C»
....'O'
o
oevy
«’s

-
£l
Ll

2

YY) N
YT T T I I YYYY YT YY)

ARARRAARAR AR .Y
Y Y YYD
,4,44114441.~4/J
......:11,JI.JJJJJ
Y Y T Y Y Y Y YYYYHYYYY
..... 1..‘JJJJJJJJJ/
YT T I YT YYYYY
,.......,,4444//J

...... .....‘,‘.4444444

EY Y Y Y YYYYY Y YT YTYIYYYY Y™
,,,41444.444444444/
T Y Y Y Y YYYIYYYYSYYYS

..‘...._/.\.\
N
A A AAAA LA R R A AR AR A A A A A A R R R A R A A R 2 A A 2 22 2 2 2 22 )

y Yy T I I YT YIYYYYYYYY
' vy v 999555858585 y 'y .4,‘.4/,.4/444%4,44 3 ALl
' Y Y YYYYY Y
............. ......JJJJJJJJJ/J Y Y '."..‘..
Y Y YNYNYNYYY Y T ITT I IIIYTOYOYTOYTYNYTY ".'
.............. .z..;a:adJJ,J. E X 2 )
T Y Y Y Y Y YY Y Y s B | b B |
" Y Y YN N 4. . .4‘ .Y JthtJt.JJJtJ .JJJJJJJJJJ ..
....... Y Y YTYYYYYYSY JJJJJJ |
....... y vy vy YN NN ..4444414J4J44444J444JJ d
\ BREEREREREREREERED
. Y NI YNNI NYNYY Y -..-‘4444444JJJJJJ/JJj
............... LLLLYL Y ..,.J.J.JJJJJJJJJJJJJLJwJJJ.4
,,,,,, /;4,1411444J1/JJJJJ,JJJ4NJfJ
........ I Y I I I YT T I YT YT Y YYY
......... Y T T T T T Y YT YTYTYYYYYYYY



Back-up slides
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1.5

— 5(3D1) egrees

3
B BB 5CPdegrees its

- Fits to Nijmegen partial 9 ;oo
- wave analysis

[http:/ /nn-online.org]
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- Extrapolation to
negative non-relativistic
| energies

Re(i5(351 ) )|degrees]

— 2'5(3D1)[degrees]
--em i(S(SDQ)[degreeS]

e §5CDs) [degrees]

€1[degrees]

10 20 30 40
K [MeV]




