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Renormalization group and QCD coupling: Running as(Q?)

0.5

a(Q)

July 2009

s a Deep Inelastic Scattering

04 L oe e'e” Annihilation
08 Heavy Quarkonia

0.3 |

0.2 |

0.1}

=QCD o4(Myz)=0.1184+0.0007
10 Q[GeV] 100
@ The QCD coupling is scale
dependent (“running”):
as(Q?) ~ [BoIn(Q?/Ncp)l ™

@ From ;?(das/du?) = B(as) and

Blas) = —a3(Bo + Pras + )
(this is the “beta function”)

1

@ Extractions from experiment can
be compared (here at Mz ):

T-decays (N3LO) o+
Quarkonia (lattice) |c|>|

Y decays (NLO) I—IO—i
DIS F, (N3LO) —0— E

DIS jets (NLO) ,_:o_|

ete™ jets & shps (NNLO) ——O+—
I

electroweak fits (N3LO) '—:O—'
ete™ jets & shapes (NNLO) Il—o—.
0.11 0.12 0.13
s (Mz)

@ cf. QED, where aen(Q@?) is
effectively constant for soft Q?:
aem(@® = 0) ~ 1/137
.. fixed H for quantum chemistry



Running QCD o4(Q?) vs. running nuclear V, (k, k')
0.5

July 2009

Q)

& a Deep Inelastic Scattering

04| oe e'e Annihilation
08 Heavy Quarkonia

0.3 |
0.2 |
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=QCD (M) =0.1184 £0.0007
1 10 100

Q[GeV]
@ The QCD coupling is scale
dependent (cf. low-E QED):
as(@®) ~ [fo In(QZ/AQCD)]

@ Different Hamiltonians? Do you
get different answers from the
same Feynman diagrams with

as(p?) and ag(u3)?

@ Vary scale (“resolution”) with RG
= diff. eq. for potential V

@ Scale dependence: RG running of
initial potential with scale A
(decoupling or separation scale)

K2 (fm?) K2 (fm?) K2 (fm?) K2 (fm?) K2 (fm?)
0 4 812 0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12 05

A=30fm A=20fm’ A=15fm’

k2 (fm?) KZ (fm?) k2 (fm?) k2 (fm?) K? (fm?)
0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12

@ But all are (NN) phase equivalent!
(predict the same NN cross sections)

@ Shift contributions between interaction
and sums over intermediate states
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Low-energy playground: Table of the nuclides

Stable nuclei

Nuclei known
to exist

Number of Protons

neutron star
processes

—_—
Number of Neutrons



120

Number of Isotopes

® Estimated Possible — The valley of stability e
100 ® New from FRIB S nuclei with excess  the neution side of~
¢ " nucleons move - the valley is poorly [ |
® Known Isotopes down the valley  understood - scientists
‘towards stability - aren't sure where the ~~-
80 diplinelies s
60
40
20
. current
0 10 20 30 40 50 60 70 80 90 100 110
from B. Sherrill Atomic Number

Challenge of open quantum systems! (continuum channels, ...)
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Nuclear Computational Low-Energy Initiative
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A Structure and Reactions: > Structure and Reactions:
v Light and Medium Nuclei EOS Heavy Nuclei
lar b = Correlations “
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JLab: Understanding “short-range correlations” in nuclei

P ® " What is this vertex?
g=k—k
- N B~ E
. v =Ly — Ly
€ \ I & N
/5 @
== N Q*
rp =
©
: = , A-2
Subedi et al., Science 320, 1476 (2008) Higinbotham, arXiv:1010.4433
3fa ;
E5d3 —es ‘+,,+,,,,+,,,,,+, / SRC interpretation:
2 E . oo 00 ~> . .
el L : NN interaction can scatter
i ‘ . ‘+ states with p1,p2 < kp
< : i Jevessee’ ' to intermediate states with
A Py, ph > kp which are
LT ‘ knocked out by the photon
2.0 ,‘,,,.,,,,,,,,,f Y P
WE Jeetese °
T2y eeo .

L oot L L L L L
1 125 15 175 2 225 25 275

14<Q*<26GeV?| ™

Egiyan et al. PRL 96, 1082501 (2006)
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Historical perspective: JLab experimentalist [L. Weinstein (2012)]
Comprehensive Theory Overview

ER e
&=

. ]@?{
)\\ \]7

Nuclear Theory, circa 1980 Nuclear Theory - circa 2000

Nuclear Theory - today: 1, 2, 3, .. 12, ... many



Historical perspective: “Ab initio” structure 10-15 years ago
@ Figure from the RIA (now FRIB) white paper (2000)

Limits of nuclear
existence

7128  nheutrons®
20
B\ Q
N £
5 30

Many-body approaches
07w Shell 2 .
Model for ordinary nuclei

Ab initio
few-body
calculations  No-Core Shell Model
G-matrix

@ Ab initio: Only up to 2C (GFMC and NCSM with NN+3N)



Historical perspective: “Ab initio” structure 10-15 years ago
@ From the start of the SciDAC UNEDF project (2007)

Nuclear Landscape

/

Interfaces provide
crucial clues

@ Ab initio: Selected nuclei up to #°Ca (with CC, but 3N?)



What is feaS|bIe for ab lnltlo structure today? (examples)

A Two-neutron separation energies
NN + 3N-full (400) 0 P 9
25 Eonax=14 for Calcium isotope chain
=19 fm™ T T T T T
-50p H t etal., PRL 110, 242501 (2013) ] 18 g
rger al., ), L g
ereerte o Nature 498, 346 (2013) 1
< 7 1 C ]
2 2 14b Theory preceded ]
o -100F 1 =2 C accurate experiment
A 20 w—m AME2003 7
-125¢ 1 [ m-& TITAN ]
e IM-SRG 10 = NN+3N (MBPT) y
-150F ® IT-NCSM [ —— NN+3N (emp) ]
v CccsD 8 | 1 ! L [
o i 28 29 30 31 32
70 12 14 16 1‘8 20 22 24~=26 Neutron Number N
Energy/partlcle (in MeV) from oxygen to tin (A = 132!)
| — NN-+3N-full ) |
7 — Binder et al., arXiv:1312.5685 (12/2013)
§& == — AT . _ exp
AV . — _ e el = B
9F AT . -
Ay o7 4T A ¥ »,Y 5 3 ¥ ¥,
| = Agy =400 MeV/e Y T AT LAY L I Y 'Y A A A
0T Ay = 350 Mev/e = A A - +
os—H4—m—m—Hm 4+ - —+— (i:l)
PP AR AL Sl Ak Ak Adh dh Al il Al 5k sadh ok s sk Addh b Adhidh sdbidh sk adl
i 160 36Ca 48Ca <4Cd 56Nl G“Nl 68N SXSI. IOOSn IOESH IIOSn IZOSn

240 40Cﬂ SZCa 48Ni 60Ni 66Ni 78Ni 90Zr IOGSn I14Sn IISSn ISZS“
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Standing on the shoulders of giants ...

I' f____

.\- b

Steven Weinberg (1933-) Kenneth G. Wilson (1936—2013)
@ Nobel Prize 1979 @ Nobel Prize 1982
@ electroweak theory (GWS), ... @ renormalization group (RG)
o effective field theory (EFT) and critical phenomena, . ..
applied to nuclear physics @ similarity RG

— Conceptual basis for changing “resolution” and tools to do it!



Connecting degrees of freedom with EFT and RG

Degrees of Freedom Energy (MeV)
LQCD

0 Q@@ @ scale

12]

S .

_g - quarks, gluons separation A
g constituent

= 940

5 quarks neutron mass

V>)‘ constituent quarks

=

Q

00 .-
pion mass

ab |n|t|0 .baryons. meson's

8

proton separation
energy in lead

Cl

Resolution

protons, neutrons

Physics of Nuclei

1.12
vibrational
state in tin

. nucleonic densities
CO| |eCtIV6 and currents
models 0.043
rotational
state in uranium

collective coordinates



Quark (QCD) vs. hadronic NN- - - N interaction
i .

. g s
N

color superconducting
quark matter

@ Old goal: replace hadronic descriptions at ordinary nuclear
densities with quark description (since QCD is the theory)



Quark (QCD) vs. hadronic NN- - - N interaction

T
[ | .

color superconducting
quark matter

@ Old goal: replace hadronic descriptions at ordinary nuclear
densities with quark description (since QCD is the theory)
@ New goal: use effective hadronic dof’s systematically
@ Seek model independence and theory error estimates
e Future: Use lattice QCD to match via “low-energy constants”
@ Need quark dof’s at higher densities (resolutions) where
phase transitions happen or at high momentum transfers



Low resolution makes physics easier + efficient

@ Weinberg’s Third Law of Progress in Theoretical Physics:
“You may use any degrees of freedom you like to describe
a physical system, but if you use the wrong ones,
you’ll be sorry!”
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a physical system, but if you use the wrong ones,
you’ll be sorry!”

@ There’s an old joke about a doctor and patient . . .
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Low resolution makes physics easier + efficient

@ Weinberg’s Third Law of Progress in Theoretical Physics:
“You may use any degrees of freedom you like to describe
a physical system, but if you use the wrong ones,
you’ll be sorry!”

@ There’s an old joke about a doctor and patient . . .

> g

i
Sy o

Patient: Doctor, doctor, it hurts when | do this!
Doctor: Then don’t do that.



Digital resolution: Higher resolution is better (?)

@ Computer screens,
printers, digital
cameras, TV’s ...

@ Higher resolution
—> more pixels

@ Pixel size <«
characteristic scale
—> greater detalil




Diffraction and resolution

Slit

Viewing screen

S

e

S

Slit

Viewing screen



Wavelength and resolution
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Principle of any effective low-energy description
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Principle of any effective low-energy description
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.

)n\
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@ If system is probed at low energies, fine details not resolved
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Principle of any effective low-energy description

@ If system is probed at low energies, fine details not resolved
o Use low-energy variables for low-energy processes

e Short-distance structure can be replaced by something
simpler without distorting low-energy observables
(cf. multipoles in classical electrodynamics)

e Could be a model or systematic (e.g., effective field theory)



Principle of any effective low-energy description

@ If system is probed at low energies, fine details not resolved
o Use low-energy variables for low-energy processes

e Short-distance structure can be replaced by something
simpler without distorting low-energy observables
(cf. multipoles in classical electrodynamics)

e Could be a model or systematic (e.g., effective field theory)

@ Density in Pb < low momentum < low resolution (A = h/p)
but not so fast: the interaction can affect the resolution



Why is textbook nuclear physics so hard?

300 S e L 1
[ 1
S, channel
200 ~ 4 05
2 | (fm)
= 100 frepulsive 2m ST T
< | core (p. . ©) 0
= L
0 ; ‘ ‘ ;
i Bonn -0.5
| Reido3
-100
[ AV18 . [fm] 1
PSS S SN S SN SN S S S ST S S S ST S S
0 05 1 15 2 25 k@m') 0 p ]
k' (fm™') -

Vico(k, k') = /dsffo(kf) V(r)jo(K'r) = (k|Vi=olk") = Vik matrix

@ Momentum units (& = ¢ = 1): typical relative momentum
in large nucleus ~ 1fm~" ~ 200 MeV but . ..

@ Repulsive core = large high-k (> 2fm*1) components



Why is textbook nuclear physics so hard?

300 T k'(fm“1)
r 1
F S, channel 5 :
2001
=
s ool 0.5
= 100 [repulsive 27, 3T, T
= | core i 1~
© i (p. @, 0) ,I_E 2 (fm)
of - - - : L= 0
F X
i Bonn
l Reid93 -0.5
-100 - 1 )
I AV18 ¢ [fm]
YU ST S S S ST (N VO T S S T S ST ST S NS ST S
0 0.5 1 1.5 2 25
5 -1

Vico(k, k') = /ds”fo(kf) V(r)jo(K'r) = (k|Vizolk") = Vik matrix

@ Momentum units (& = ¢ = 1): typical relative momentum
in large nucleus ~ 1fm~" ~ 200 MeV but . ..

@ Repulsive core = large high-k (> 2fm*1) components



Consequences of a repulsive core

04— . ; . . . 400 0.2 ‘
5 — correlated S, deuteron probability density
0.3 —300 [ 7
L 0.15(~
Dot A
é 02 I % 200 ! e | rgonne v, o
= = =
o [ = o 01
5 0.1 r = 100 =4 L
L 0.05
= - m e 0 L
r 1
oo ! 4 [
P R . | . | _ % | ]
01 L < 100 05 s 5

¢ fm]
@ Probability at short separations suppressed — “correlations”
@ Short-distance structure < high-momentum components

@ Greatly complicates expansion of many-body wave functions



Expanding wave functions in an HO basis

@ Single-particle radial wf (r)

@ Expand in harmonic oscillator wfs:

@ Find c,s by diagonalizing HV = Ev

wf
25
20F
1.5F
10F
05F

Nmax

wNmax(r) = Z Ca¢a(r)
a=0

7/)cxact(r)1 'QbO(r)y 0.5 ¢0

VI[r]
15+
10+
Eexact = -1.51
5t
0i5 140 1.5 20 25
_5[F
7/)cxact(r)1 wo(f), 0.5 % b0
wf
250

20F
L5
10
05F

-05F

Nnax =0, Eg = —1.30

r
25

-0.5F

05 10 15 20

Nnax = 0, Eg = +5.23

25



Expanding wave functions in an HO basis

VIr]
@ Single-particle radial wf v (r) 15
@ Expand in harmonic oscillator wfs:  10f
N Eeyact = -1.51
max 57
wNmax(r) = Z Ca¢a(r)
=0 —~ 015 110 1.5 20 25
@ Find c,s by diagonalizing HV = EV X
7/)cxact(r)1 ’ng(f), 0.5 02 7/)cxact(r)1 wz(f), 0.5 ¢
wf wf
25F
20F

1.5
10}
05

=05}




Expanding wave functions in an HO basis

@ Single-particle radial wf (r)

@ Expand in harmonic oscillator wfs:  10f

@ Find c,s by diagonalizing HV = Ev

wf

Nmax

wNmax(r) = Z Ca¢a(r)
a=0

z/)cxact(r)y 'Qb4(f), 0.5 % ¢4

V[r]
15-

Eexact= -1.51
sk
0i5 140 1.5 20 25
_5[F
/l/)cxact(r)y w4(r), 0.5 % ¢g
wf
25
20F
15F

-05F

05—t 15 20

Noax =4, Es = —1.46

25

-05F

050 15 20

Noax = 4, Ex = —1.04

25



Expanding wave functions in an HO basis

V[r]
15-

@ Single-particle radial wf (r)
10+

@ Expand in harmonic oscillator wfs:
N Eoyact = -1.51
50
wNmax(r) = Z Ca¢a(r)
=0 03 1o 15 20 25"

@ Find c,s by diagonalizing HV = Ev X

7/)cxact(r)1 ¢6(f), 0.5 * ¢6 7/)cxact(r)1 we(f), 0.5 % ¢6

wf

Nnax = 6, Es = —1.40

Nnax = 6, Es = —1.50



Expanding wave functions in an HO basis

@ Single-particle radial wf (r)

@ Expand in harmonic oscillator wfs:  10f

@ Find c,s by diagonalizing HV = Ev

Nmax

U, (1) = Z Caa(r)
a=0

@ Extend to many-body system

z/)cxact(r)y ¢8(r)y 0.5 ¢8

V[r]
15-

5t

E 1.51

exact ~

015 110 15 20

wf

-0.5F

BT = 20

Nnax = 8, Eg = —1.50

/l/)cxact(r)y ws(f), 0.5 x o8

Nnax = 8, Eg = —1.43

25




Many-body physics by matrix diagonalization

@ Harmonic oscillator basis with N,.x shells for excitations

@ Graphs show convergence for soft chiral EFT potential
(although not at optimal A< for 6Li)

10" T E _205 T T T T 6 R R E
o'k E Helium-4 | 1P Lithium-6 ]
E 3 %‘722?7 ground-state energy 15 8f ground-state energy 3
7L L 10 E E
10’ 2723; X 12 4 Vo = N'LO (500 MeV) |
s S Vi =NLOGB00MeV) | > 0fF 2 3
Z10°c a0 NN 5 18 F ~=NLO
S E S 4 Vi =NLO 15 —4F NNN E
E E f} E NNN 1= 8:* . hQ =20 MeV 3
S10°E E 4 -8 Original 3
©UE 8 25k 2 _pE 3
RIS 8 E s E
S0'E Z 26F Original E 2 -16F El
= g £ = 20F E
L 2 27F 43 E
10 E 5 L 3] 5 —24F -
K/ L E t.
102 —28F N7 “28F ©XP. |
¥ E -32F -3
[0 S O P I P O A A ) e Y Y N Y e S - Y U SR (N EPU B B
052746 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 2 4 8 10 12 14 16 18

6
Matrix Size [Nma 1 Matrix Size [N ]

max X max

@ Factorial growth of basis with A — limits calculations
@ Too much resolution from potential = mismatch of scales



What if your theory has too much resolution?




What if your theory has too much resolution?




What if your theory has too much resolution?
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What if your theory has too much resolution?

Claim: Nuclear physics with textbook V(r) is like using beer coasters!



Less painful to use a low-resolution version!

High resolution Low resolution

@ Can greatly reduce storage without distorting message
@ Resolution was lowered here by “block spinning”
@ Alternative: apply a low-pass filter



Low-pass filter on an image

@ Use 2D Fourier
transform

@ Long and short
wavelengths
separated



Low-pass filter on an image

transform

@ Long and short
wavelengths
separated

After low-pass filter:

@ Much less
information
needed

@ Long-wavelength
info is preserved




Try a low-pass filter on nuclear V(r)

1000 T T T K (fm'1)
. i
5001 —_ Sn (np) AV18 |

600 - m 0.5

I~ 1-1.5 fm in nuclet

400 4 (fm)
0

V(r) [MeV]

200~ -
-0.5

T ] Ad

i l . \ .
200 1 3 3
1 [fm]

— Set to zero high momentum (k > 2fm~") matrix elements
and see the effect on low-energy observables



Use Phase Shifts to Test

sin(kr+9)

i
N L

bigger -~ 4 \\ |
curvature \,
|

— 'y

m———

phase shift (degrees)

\, /
Vo<0 (s

|
100

1
200
E,, (MeV)

300

@ Here: 'Sy (spin-singlet, L = 0, J = 0) neutron-proton scattering

@ Different phase shifts in each partial wave channel




Effect of low-pass filter on observables
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Effect of low-pass filter on observables

0 1

0
0.5
1

0.5 15 2 25 3 ;
05
15
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2
25 05
3
A
5 1 15 2 25 3 ;

0

00
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1

15
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25
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60
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|
200
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Why did our low-pass filter fail?

@ Basic problem: low k and high k
are coupled (mismatched dof’s!)

@ E.g., perturbation theory
for (tangent of) phase shift:

k|V|k’ (K'|V|K)

(K| V|K) +
2 (k) m

@ Solution: Unitary transformation
of the H matrix = decouple!
En = (WiHV,) UU=1

= (Vo UNUHUN(U,))

phase shift (degrees)

~ ~ o~ N\
— N after low-pass
<Wn|H|wn> F \\/ filter
-20 L | AN , | :
. i 0 100 200 300
@ Here: Decouple using RG E. (M)

lab



Preview: Decoupling with the similarity RG

2 (fm’z)
4 8

kZ (fm?)
12 0 4 8

fm

k (fm

12 0.5

A =3.0 fm

120
A=20fm"

)
\£715fm 05

---Initial
— Evolved
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r [fm]

: LS :
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Preview: Consequences of a repulsive core revisited

P [fm ]

0.4

0.3

o o
(= —_ [

'
<o
S

T T T T T T

— uncorrelated | -
— correlated

V(r) [MeV]

400

300

200

100

—-100

NP [fm ]

o

0.25

0.2

0.15

0.05

0

SS] deuteron probability density

—— Argonne v ¢

4
r [fm]

@ Probability at short separations suppressed = “correlations”
@ Short-distance structure < high-momentum components

@ Greatly complicates expansion of many-body wave functions



Preview: Consequences of a repulsive core revisited

04— ; ‘ ‘ ‘ 400 0.25 ‘ ‘ \
o\ [ 3 I . ]
L — uncorrelated | L S. deuteron probability density
L — correlated *\\ 1 b
031 {300 02 ]
: L ':})K softened 4
T o02f =120 T o1sf — Argomne v,
é [ 5} LE L -1 B
B = | = 0 T A=40fm” | ]
—_ B s : !
= r = = L A=3.0 fm . B
S o S0 5 oap “-- A=20fm’ | ]
0; P 0 0.05— ]
L ] r b
P 1 ) origina ]
oL ! ‘ \ ‘ \ _ ‘ ‘ : ,
0.1 ! . : 100 05 3 1 .
t [fm] r [fm]

@ Transformed potential = no short-range correlations in wf!
@ Can it really be so different in the interior?



Preview: Consequences of a repulsive core revisited

04— ‘ T ‘ ‘ 400 035 ‘ ‘ P
[ L 3 - .o
L — uncorrelated | 1 L S, deuteron probability density
S — correlated 03 —
03+ —300 r S0 ]
L r TN ]
[ | 0250 -vd : ‘.\\\ Argonne v118 1
+ | - — I AN = A=40fm’ | ]
2k {2 ! L Al \ cees _ -1
g 027 % 00 g 02f ’7 \ o A 3.0fm71 .
o~ = | o~ I r \ A=20fm"|
Nt = o5k 3
S oaf w00 SOBF ]
e [ T ]
i 01 i
0 o= s e Lo 1
[ : 0.05 & N
________ 4 o -
m L 7 3
[oeee..l ‘ [ ]

01 4 6 ~100 % 2 4 6

r [fm] r [fm]

@ Transformed potential = no short-range correlations in wf!
@ What part of the coordinate-space wave function is measurable?
@ What about the high-momentum tail in momentum space?



Matrix dimension

Preview: Revisit the convergence with matrix size (Np.x)

@ Harmonic oscillator basis with N,.x shells for excitations

e S A [ B B B B T T g
3 £ 3 16¢ -
o'k 1 21 Helium-4 E nE Lithium-6 El
E %722?7 ground-state energy 3 & sE ground-state energy 3
] L G £ E|
10 E-zsz— , 1= 4 Vi = N'LO (500 MeV) 3
157k Vo =NLO(00MeV) | & OF > E
10 o 2 18 F Veaw=NLO 3
3 L -24F Vann = NLO 4 8 4 E
15 F ! 15 SE once hQ =20 MeV E
10 E £ 1 E Original 3
3 L 25F =4 o E 3
RG] £ 1 512 E
10 4 2 60 Original 4 @ -16F E
] < %6F g £ E
—'ne| 1 E v’ 18 20f E
10 v It 1B E
o2 3 O E 19 b expt. 1
10° Aalb < -28F - £ E
o] 3 E 3 £ E|
3 E E 1 -nf -2
1 RO O N P AR B B 29B. 0o e 14 Y3 N Y S S N O N N
1067274 6 8 10 12 14 16 18 20 2 4 6 8§ 10 12 14 16 18 20 2 4 6 8 10 12 14 16 1
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Matrix dimension

Preview: Revisit the convergence with matrix size (Np.x)

@ Harmonic oscillator basis with N,.x shells for excitations
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@ Graphs show that convergence for soft chiral EFT potential
is accelerated for evolved SRG potentials

@ Nuclear structure/reaction calculations more “perturbative”
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