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Effective Field theory and Strong interaction
with accurate error estimation

What is renormalizability and why is important? Pionless
Chiral
Cluster/Halo
What are the challenges and the future of these theories?



Chiral EFT

Weinberg power counting it is not renormalizable

Alternative Chiral power counting solves this problem...

Phys. Rev. C C.-J. Yang, A. Ekstrom, C. Forssén, G. Hagen (2021)

Experiment
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Chiral EFT

... but it reveals other issues

C.-J. Yang, A. Ekstrom, C. Forssén, G. Hagen, G. Rupak, U. van Kolck (2021) Instability problem
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Contact EFT: instability for fermions

J. Kirscher, H. W. GrieBhammer, D. Shukla,
H. M. Hofmann: arXiv:0909.5606

Breaksina+nanda+n+n
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QMC calculation suggests the breaking in:

Breaksina +a + a + ...
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Our calculations in SU(4) symmetry
Breaksina +danda + «

4 [hm] 0 “" Tested on

; %He, °Li, Li,
Z/Ry(1) ‘I’ i R =
- e 1
. [ T —F ] e
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Stetcu, B. R. Barrett, U. van Kolck, Phys.Lett.B653:358-362 (2007)
W. G. Dawkins, J. Carlson, U. van Kolck, A. Gezerlis (2020)
M. Schafer, L. Contessi, J. Kirscher, J. Mares PLB 816 (2021)



Contact EFT: instability for fermions

C.-J. Yang (2023)

Many-fermions Method
Few body are .
Are unstable. l.e. find a way
under control :
Is it a theory problem? to add new
orders
Instability
Yes Theory
E.g. improved
action
\
Many-bosons (T
sector is fine ClifEinge . i Amlmissing |
power counting | something? !
\ |

How and why?



Improved action — general questions

Nuc. Phys. B K. Symanzik (1983) Phys. Rev. A L.C., M. Schafer, U. van Kolck (2024)
L.C., M. Schéfer, A. Gnech, A. Lovato, U. van Kolck (in preparation) arXiv L.C., M. Pavon Valderrama, U. van Kolck (2024)
Standard theory Improved
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A NEW WAY OF DOING EFTS: 2-BODY PHASESHIET

Phase shifts of n-p (deuteron channel):

improved LO converge faster no change in the convergence radius
150 / . 150 |- \
100 _ 1001
'S i . Q L

- Standard theory : ~ Improved theory

50 | 50 -
I 100 MeV/c I 100 MeV/c

D-'""""'""¢""""""" D_'"'"'"""'l"""""""'
0 1 2 3 4 5 T 6 0 1 2 3 4 5 T 6
Ao p 200 MeV/c o P 200 MeV/c

Lo BENLO BIN2to | NsLo [ N4aLo B NsLO ) Exact
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Improved action — general questions

Improvement limits (without changing renormalizability at higher orders):
* Increase the theory precision including full-orders nonperturbatively
* Use lower-dimensionality operators to include larger-dimensionality scales

e.g. remove LO 3-body operator by choosing a two-body potential
use a three- body mstead of a four-body force?
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P.F. Bedaque, H.-W. Hammer, U. van Kolck (2008)

_ . ' B. Bazak, J. Kirscher, S. Konig, M. Pavon Valderrama,
e Circumvent non-renormalizabity? N. Barnea, U. van Kolck



Positive and large effective range

A system where ay ~ 19 > w,

150 -
100 -

50+

1 1 |
pCOt(é‘):——+—rOp2-|—W1+... ol 121093|V|€V/4C56

Qo 2 Qo P 200 MeV/c
Energy dependent formalism No energy dependent /

Dibaryon, transvestite ...

e

No apparent problem with positive 1

What is the relation
between the two?

Numerical digestible

U

Cant use short range
interactions and have
Wigner-bound



Positive and large effective range - the problem (hand weaving)

, This would be the interaction
®+/ t + + P | want to iterate (non perturbative)

Can be iterated
momentum independent operators is ok
— cutoff can be reabsorbed in one constant.

momentum dependent operators

need infinite constants



Positive and large effective range - the problem (hand weaving)

o+/+X+X + ><P2 + ><P4+ Xp6 + .. av

III

perturbative sub-leading contributes to make the interaction renormalizable
improved action mechanism ... Or “finite cutoff” approach.

Standard NLO - >:<p4 + Xp6 v AV

Can you add “smal

--NLO - -




Coulomb systems and alphas

Large 1y example:

In @ — a systems you need a p? term in addiction to
contact and Coulomb

NDO 1 & | Need to iterate p*:
180 | ERE fit —---- 4
Afzal etal. —— | & |
S 150 | & ) ,
g » Use dibaryon but not do many-body
120 | > Find a way around Wigner bound
E_ng [MeV] How much of the nuclear chart can be described with alphas?

R. Higa, H.-W. Hammer, U. van Kolck (2008)

and alphas + single nucleons?



Coulomb systems and alphas

Large 1y example:

In @ — a systems you need a p? term in addiction to
contact and Coulomb

! 1 ! ' ! ! I ! ' 'L()' “I"“'“ ' SBe 12C
NLO — |
I ERE fit —-—--
180 Afzal et.al. —e— | “ ‘..
—_ (7.27)
S
% = ) (7.16) (11.89)
120 T
90 . N N | L L . L | L L L L I L 1 " @ @
0 1 2 3 . o particle (*He) (4.73)
ELag [MeV]
R. Higa, H.-W. Hammer, U. van Kolck (2008) @
IKEDA Diagram




Other EFT formulations? — Increase the number of particles
New degrees of freedom

Clusters/halos

-~y =

Is it similar to a contact theory? What about Coulomb?

Is there a way to connect “more microscopic” and cluster theories?

B
5|
%

Is there a way to connect “more microscopic” and cluster theories? RGM? .
Power counting is unknown



Powercounting changes with new scales

A - Number of particles
p - Density

L - Systems in traps

New scales that can change the power counting
Si— . . . . . .
Can we predict this a priori via scale analysis?

C - Multiple channels with large coupling




From one EFT to the other Do we have to use observables

Or can we derive one from the other
in a different way?

\ /& (7£EFT)

QCD
Noh perturbat.lve (YEFT)
lattice calculations

Mesons + nucleons

DFT

effective theory
(-7??27-)

~===""Clusters/halos
(cluster/halo EFT)

Lorenzo Contessi - RESANET Junior seminars 2024 16




From one EFT to the other Do we have to use observables
Or can we derive one from the other

in a different way?

| \/ Nucleons
: e ARl / (ﬁ E FT)

100 2 )
Neutron number N

I'

[

\
\

N

QCD
Non perturbative
lattice calculations

Proton number Z

DFT

effective theory
(-7??27-)

"/CIusters/hans
(cluster/halo EFT)
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Interdisciplinarity: transfer knowledge from and to other fields




Open questions:

Nucleons:
o Chiral renormalizable power counting

o Instability problem (also contact)
. improve our treatment of the theory

. power counting modification

Non-renormalizable theories:
E.g. Unnatural and positive effective range / alpha particles

Other EFTs: different degrees of freedom
o Clusters, other mesons, densities, ...
o Interdisciplinarity: atoms, hadrons, hypernuclei, ...
o From one EFT to the next (towards the halo-cluster EFT)

How power counting changes introducing new degrees of freedom
o In a box, number of particles, coupled channels, ...

This evening:
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Stability problem in renormalizable theories
(just contact EFT for simplicity)

E4/E3
A

Theory starting point

X operators

r0/a0

~ V? operators
L/

Starting from the universal point
one can reach the physical point
with perturbative inclusions.

Contact operators make these lines
as perpendicular as possible
(Other expansions are possible)

Lorenzo Contessi -

r0/a0

The radius of convergence of the theory:
points reachable in this way.

Critical stability - ECT* Trento - 2023

20



Stability problem in renormalizable theories
(just contact EFT for simplicity)

LO ap = © 3B
E4/E3 E4/E3 4
A / ottt Pona,, o
' You can expand the theory NLO Ly < 00

—.__from an improved point.

.\17 o 00 N3LO  a;, 3Bp’
r0/ag N4LO v,
No needed to start from the Standard improvement: This effectively treat (resumm)
universal point. treat finite scattering length subleading already at LO
as starting point.
(the expansion should not doesn't change the power counting:
necessarily modified) * The correction remain small

* The rest of the power counting is
not perturbed



Stability problem in renormalizable theories
(just contact EFT for simplicity)

E4/E3 E4/E3

\
" Youcan expand the theory M _
{---._from an improved point.

N§LO 1, , 4B

LO aO<OO 3B

.\P N e NZLO  a;, 3Bp’
rﬂfag @LO 172
No needed to start from the Standard improvement: This effectively treat (resumm)
universal point. treat finite scattering length subleading already at LO
as starting point.
(the expansion should not doesn't change the power counting:
necessarily modified) * The correction remain small

* The rest of the power counting is
not perturbed
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Stability problem in renormalizabl
(just contact EFT for simplicity)

E4/E3 EA/E3

\
% You can expand the theory M _
|-—__from an improved point.

N§LO 1, , 4B

\/\llgr‘er

LO ay,r° 3B

& T - L

: 3

#

p S
y ‘

, : "

f - i I

- w f

i ;

rofa0 r0/a0 NzLO a, 3Bp2
r0/ag I\BLO (2
No needed to start from the Standard improvement: This effectively treat (resumm)
universal point. treat finite scattering length subleading already at LO
as starting point.
(the expansion should not doesn't change the power counting:
necessarily modified) * The correction remain small

* The rest of the power counting is

not perturbed
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Non perturbative

Perturbative

Perturbative

Designing an improved action (2B)

Potential

Co(ag —» ) (1))

C1(ap)d(ry;)

C2(ap, 1o) V> ( 6(rif))

T-matrix

Observable described

Universality



Non perturbative

Perturbative

Perturbative

Designing an improved action (2B)

Potential

Co(ap) 8(ryj)

C2(ag, 7o) V? ( 6(rij))

C2(agp, 1) V* ( 6(rif))

T-matrix
1
1 .
— a_O — ik

Observable described



Non perturbative

Perturbative

Perturbative

Designing an improved action (2B)

Potential

Co(ap) 8(ryj)

C2(ap, 7o) V> ( 6(rif))

C2(agp, 1) V* ( 8(rif))

T-matrix

1 .1 ., .
—a—0+7r0k — ik

Observable described

Ao, Ty

It is not possible to include a contact interaction to correct the

effective range (Wigner bound! )

1 (1+ay1o+ f1 w)
ik
Ao

Lorenzo Contessi - Critical stability - ECT* Trento - 2023




Non perturbative

Perturbative

Perturbative

Designing an improved action (2B)

Potential

C()(a()) S(TU) + AV

C,(ag, ry) V? ( 6(ri]-))

T-matrix

1

C,(ag, 1) V* ( 6(rij)) —J

1

(24))

1

rok? + Aw k* + Aw kb + -+ — ik

TO (1 + al(ro — 1"8))

1

(14 a;(ro—1p) + B1 wo)

—— —ik
(24))

Observable described

ao, TB:
( + spurious components)



Hamiltonian formulation

6A(Fi)17j) =e 4

hZ
HIO === 372+ ) Go8a(7T) + ) Do 8s (77 75)
[ ij

ijk

[ HNLO :ZCZ(s(ﬁ;) (V2 +V2) +zEO5(F{,Fj’,ﬁ,F[ }
ij

ijkl

U. Van Kolck (1999)
B. Bazak (2018)

[
0 (FL)J F])rr—k)) — chc e

A2 2

Fittoag, 19 =0
And Bg

Fit to g
And B4



Improve action Hamiltonian formulation

mechanism:
K. Symanzik (1983) 22 2
"ij
6A(rl, —e 4
22 (lej"'rlzk)
§ (7, 75,7) = Zeye [e * ]

HLO :——ZVZ ZCOcSA(F[, )+ZDO5A(ﬁ,Fj’,ﬁg + AV

- \

Small (perturbative)
auxiliary interaction

HNLO = ZCZ 5 (77) (V+T2) + ) Eg 6 (7777

ijkl Reproduces (ag, 7", dw, Swo, ...)

Corrects r* — 1y and fit B,

yN=Lo —

=~ Corrects dw, Sw-



Hamiltonian formulation

2,2
/’ll]

8A(Fi)17j) =€ 4

0 (?l)l Fj)r r—k)) — chc [e 4

hZ
HLO = _%z \72+ZC0 Sp(T77) +ZD0 Sp (70,75, 7%) |+ AV
[ ij

ijk

EHNLO ZCZcS(r_U’)(VZ v2)+250 T T T T ]

Ljkl

|

AV, = z(cg(ﬁ‘l)aﬁ_l(ﬁ,ﬁ — Co(N) 84 (7 7))
7

AV, = 3 (DR 8 (7275, 7) — Do (72 75,75) )
ijk



Hamiltonian formulation

22 12,
—- =)\ __ - Y
SA(ri,rj —e 4

/12( -
K2 0 (?l)l Fj)r r_k)) — chc [e 4
HLO = _%z 72 + z Co SA(7577) + ZDO Sp (70,75, 7%) |+ AV
[ ij ijk

contains a lot of

contributions but has no
renormalizability problems

| Can also be a phenomenological
interaction!

AV, = z(cg(ﬁ‘l)aﬁ_l(ﬁ,ﬁ — Co(N) 84 (7 7))
7

AVz = Z (DS(R_l) -1 (7,7, 7) — Do(M)6, (77, 75,7 )
ijk

[ HVO = 8 (7) (V2 +7) + ) B8 (R
lj

] Auxiliary interaction
ijkl




Hamiltonian formulation

AZ 2
SA(rL, =—e 4U
Option 1: o [ A2 (r§j+r§k)]
2 _ 6 (Ti: T, rk) = chc e o
[ HLO = —%z & +ch(R—1)5§_1(ﬁ,Fj’) +ZDO NG }
[ Lj ijk
Option 2:

- P. Recchia 2022
ijk

h’z oY — —_ — —> ‘
HLO = —%z \72 + z CS(R_1)6E—1(F£,FJ?) + z DS(R_l) 5§—1 (ri,rj,’rk } See also:
[ Lj

Subleading orders remain untouched:

[ HNLO —Zczfs(m (V+72) + ) Es 8 (77,7

Ljkl

Do not forget the four-body force!



Hamiltonian formulation

AT
SA(rL, =e 4
Option 1: o [ 2?2 (T?j”?k)]
0 (Tir rj:rk) — chc e 4
H'Y = 2‘72 ZCO(R Ve 4R2 ZDO Sp (70,75,
ljk
Option 2:

ZVZ+ZCO(R e™ 4R2 +ZDO(R 1)2[ 7‘4; ] R. Schiavilla (2021)

See similarities with:
ijk cyc }

(but also notice that
the effective range is
still subleading!)

Subleading orders remain untouched:

[ HNLO —2625(1‘_”’) (V+72) + ) Es 8 (77,7 }

Ljkl
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| Test:

4He atoms up to 5 particles

PCKLJS LM2M?2 i "
90.42(92) 100.23 sy cue, The sl of Chenia T
| 727 7.326 i ko
s nK|| 1.30904 1.6154 comdymanis o ‘
' 131.84 126.50 - . Grisenti, W. e iom-:-:»ftﬁ'f

Bond Length and ¢ Energy o m Dimer

2 . A 1'0‘2 ‘;}.2'779 by Diffraction l.-l'()lll i srating, Phys. Rev.
573.90  559.22

1306.7
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Few-body sector (NLO) L0 Vi = 8ga(ry) + aCrige)

LO [711 = 6§—1 (ri]’) + 61_{—1 (rijk)
NLO | V28, (r;;) (the same using 128, (1) )

R~ 1is the parameter that controls the resummation
A is the theory cutoff that should go to “infinity”

14 : 14 T
: g PO —o— VDR =1205) 100) -k POHD(A > 00)
T s v 2
. +Dp-1 - :

121 —o— WHPRT=1205) --- LM2M2 121 PO+

8_
6 . . . .
0 S 10 15 20 25
2 RO
Z v 4 2 Ci(R™Y) e 3R2
2m £ - o
5 B grOu nd State ' ) ( , 2) lelevant fake ranges R: R > 6 Q3
3 rijtrik ]
+ Z Dy(R™Y) Z [e 4R? ), = %m B, .



Few-body sector (LO)

R~ 1is the parameter that controls the resummation
A is the theory cutoff that should go to “infinity”

LO '71 = 6§-1 (rij) + 6A(rijk)
LO V" = 6§—1 (rij) + 6§—1 (rijk)
NLO V28, (1)

60
. 58 -
3B excited state
56 -
Relevant fake ranges R: R > 6 Q5
¥ e |
_ s S
Q3 = 3 M b3 A
52 1
Legend: .. PO —0- VW(R'=605)
White triangles:  the regular LO 307 PO PO (-1 ‘
Red lines: improved LO w/ 2Body 1 —m- i (}f =120s)
Blue band: improved LO 2+3 Body 48 - === LMZM2 - VO(R'=240;)
Green Line (white circle): physical value — . . .
Vertical dashed line represents the 7, treshold 0 5 10 15 20
A [0s] )
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Few-body sector (LO) 0 | 7y =01 + ari)
D LO vV = —_ .. —_ 94
R 1is the parameter that controls the resummation Vir = Og-1(1y) + Og-1 (Tiju)
A is the theory cutoff that should go to “infinity” NLO V285 (Ty)
10 :
\ ~ ~ ~
4B ground state a W me W@ =120
8 - ‘\ === LM2M2 —— ﬁﬂ)(ﬁ—l =2403)

Relevant fake ranges R: R > 6 Q5

q
[2 = i
Q; = 3m B; ~y 6

Legend:

ena: 4+
White triangles:  the regular LO
Red lines: improved LO w/ 2Body
Blue band: improved LO 2+3 Body
Green Line (white circle): physical value 2
Vertical dashed line represents the 1 treshold 0

A Qs3]

Lorenzo Contessi - Critical stability - ECT* Trento - 2023 37



Few-body sector (LO) 0 | Vi= b1y + 8ar)
) LO V" = 6§—1 (ri]-) + 6§—1 (rijk)
R~ 1is the parameter that controls the resummation » -
A is the theory cutoff that should go to “infinity” NLO Ve6, (1))
20 o
V-._ 111 e PO —0- VW(R'=603)
' \ Vi) -m- VR '=1203)
tate ! 11 I
SB ground S l‘ —_—— LM2M2 —o— ﬁO)(é_]=24Q3)
15 « &
Relevant fake ranges R: R > 6 Q5 “‘
(88! .‘. \
2 Q L
= [-mB o b N A
B am s 4 10

5_

i
+ z Co(R™1Y) e 4R + z Dy 6, (rl-,rj,rk
ij ijk 0
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Few-body sector (NLO)

R~ 1is the parameter that controls the resummation
A is the theory cutoff that should go to “infinity”

LO

Vi=0g1 (rij) + 6A(Tijk)

LO

Vir = 8g-1(ryj) + 6-1(Tiji)

NLO | V28, (r;;) (the same using 128, (1) )

60 60
4 58_
> L e Koo,
56 e e e
o0 e /-1/-/;;5/ LA 7-/-/-,;- W8
D 54 . = 54
{ v o —o— VWrOR=1205) 4
1 —o— oD PO+ 59 | I PO e V(A - o0)
32 ] —o— WUR'=1205)  --- LM2M2 Z1 yOrD == LM2M2
Yo+n PO+ D)
50 l: T T T 50 -' T T T
0 5 10 15 20 25 0 3 10 15 20 25
A Q5] R [05]
Legend:
White triangles:  the regular LO
3 B excrted State Red lines: improved LO w/ 2Body Relevant fake ranges R: R > 6 Q4
Blue band: improved LO 2+3 Body
reen Line (white circle): physical value — |2
Gree c?re(nzo otnetes(,:si —C:Cr%)caleta iﬁtyc/:- ECT* Trento - Q3 - 3 m B3 39
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