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Key questions

* How to construct H to keep the connection to QCD?

* How to obtain precise predictions for nuclear observables with

quantified theoretical error?
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The power of YEFT

vV EFT description rooted in QCD.

> N v Systematic expansion with quantifiable
i theoretical error:
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The power of YEFT

vV EFT description rooted in QCD.

N N———>— N v Systematic expansion with quantifiable
l theoretical error:
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(LECs)
* Unknown values of low-energy constants (LECs).

~
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* Importance of interactions: Power Counting (PC).



Weinberg PC

* Construct potentials:  Calibrate unknown LECs using data.

0 2
V=V +vZ&@a?) + ... . Compute predictions.
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- Use dimensional analysis to organize diagrams.
- Resum potential nonperturbatively in LS-equation.

R. Machleidt and D. R. Entem, Phys. Rep. 503 (2011)
E. Epelbaum, H.-W. Hammer, and U.-G. Meissner, Rev. Mod. Phys. 81, (2009)

H.-W Hammer, S. Koénig, and U. van Kolck, Rev. Mod. Phys. 92, (2020)
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Weinberg PC

* Construct potentials:  Calibrate unknown LECs using data.

0 2
V=V +vZ&@a?) + ... . Compute predictions.

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

. .
------------------------------------------------------------------------------

- yEFT with WPC: Successful description of many

- Use dimensional analysis to organize diagrams. .
Y S S structure and reaction observables.

- Resum potential nonperturbatively in LS-equation.

- Predictions of observables depend on A (= not RG

R. Machleidt and D. R. Entem, Phys. Rep. 503 (2011) . .
invariant) A. Nogga et al., Phys. Rev. C 72, (2005)

E. Epelbaum, H.-W. Hammer, and U.-G. Meissner, Rev. Mod. Phys. 81, (2009)
H.-W Hammer, S. Koénig, and U. van Kolck, Rev. Mod. Phys. 92, (2020)



Modified Weinberg PC

* What happens if we require A-independence and promote
counterterms to lower orders to achieve this?
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Modified Weinberg PC

* What happens if we require A-independence and promote
counterterms to lower orders to achieve this?

Treated perturbatively

V = ViR (@) + i (@D) + iR (@) + i (a®) + ..
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perturbative contriutions

B. Long, C. J. Yang, Phys. Rev. C 84, (2011),
Phys. Rev. C 85, (2012), Phys. Rev. C 86, (2012)

Modified Weinberg PC

Non-perturbative one-pion-exchange: All other partial waves:
150,>S1 —° D1,° Py1,° Py —° Fy,' Py




perturbative contriutions

150,>S1 —° D1,° Py1,° Py —° Fy,' Py

Modified Weinberg PC

Non-perturbative one-pion-exchange:

B. Long, C. J. Yang, Phys. Rev. C 84, (2011),

Phys. Rev. C 85, (2012),

Phys. Rev. C 86, (2012)

All other partial waves:




Why do we study this PC?

This modified PC is less studied than Weinberg PC.

Yang et al. observed inaccurate predictions in nuclei with A > 4 using
this PC at next-to-leading order (NLO). C.J. Yangetal, Phys. Rev. C 103, (2021)

Studies of this modified PC can give us new insights about yEFT.

We want to:
- Infer LECs from observables with EFT error model.

- Quantify prediction uncertainties with probability distributions.

- Evaluate predictions for A > 2 systems beyond NLO.

9



Computing NN amplitudes

0 1 2 3
V = Vl\gl\?(a(o)) + Vlél\%(a(l)) + Vl\(n\?(a@)) + Vl\(n\?(a(g)) + ...

* Compute LO non-perturbatively.

» Use distorted-wave perturbation theory to add corrections beyond LO

—> RG-invariance holds also at higher orders.  B.Longand U. van Kolck, Ann. Phys. 323, (2008)

VAN VAN
LO: R + O

10



The starting point: LO

* Amplitudes computed perturbatively
beyond LO:
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The starting point: LO

* Amplitudes computed perturbatively
beyond LO:

T=79 70 L 7C) 4 76 4

70) 5 (1) 5 7(2) 5 7(3)

* Conclusion: The foundation
(LO) is very important!

* What is the starting point?

— Start —

[



Calibrating the LO potential

» Use NN scattering observables to calibrate LO LEC:s.

* Bayesian inference: Treat LECs as random variables.

R. J. Furnstahl, N. Klco, D. R. Phillips, and S.
Wesolowski, Phys. Rev. C 92 (2015)

<> Likelihood Prior ,
Posterior
g (0) /< ) 4
0 , 0
Bayes’ rule: pr(Dje?, 1) - pria’|]) = pr(a'”|D, I)
pr(D|I) ‘
Evidence 4 . <

pr (a(o)\D,I)

\_ Wy,
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Calibrating LO potential

pr (aD, 1), A =450 MeV
Cis, * Infer LECs for different cutofts.
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Predicted scattering observables

(0, Tap=144.0 MeV)

31005 / / / / / / / / - Accurate, but not very precise (high energy, LO).

d
SCAMMMAR PRI I\

Pb Tlab =16.2 Me\/ 96 m. —70 0 deg)

5 -Not very accurate, but somewhat reasonable
0.05- < 4—4 4 ; within LO uncertainty.

(BPy, Tiap 120 0 MeV, Hcm —102 0 deg)

0.5- - . . .
: : d -Quite accurate, but the experimental error is large.
0.0- < 4 4 4 4 < - 4 <
400 500 700 2000 3000 4000
A [MeV]
—— LO prediction Experiment

OT, E. May, A. Ekstrém, and C. Forssén, Phys. Rev. C 108, (2023) 14



Predicted scattering observables

(0, Tap=144.0 MeV)

soiddddd d1d 4 d|.
SCAMAR FR I I

Pb Tlab =16.2 Me\/ 96 m. —70 0 deg)

STRIERK |

(P, Tiap, =120.0 MeV, Hcm —102 0 deg)

0.5- -
] ] -
0.0- < 4 4 4 4 <l ” d 4 <
100 500 700 2000 3000 4000
A [MeV]
— O prediction Experiment

OT, E. May, A. Ekstrém, and C. Forssen, Phys. Rev. C 108, (2023)

- Accurate, but not very precise (high energy, LO).

-Not very accurate, but somewhat reasonable
within LO uncertainty.

-Quite accurate, but the experimental error is large.
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Predicted scattering observables

(0, Tap=144.0 MeV)

swiddddd d1d 4 4|
BCAMMMAB R

Pb, Tlab =16.2 Me\/ Hcm —70 0 deg)

T L

(P, Tiap, =120.0 MeV, Hcm —102 0 deg)
0.5 =

0.0.544444 414 4 ¢

700 2000 3000 4000
A [MeV]

—— LO prediction

Experiment
OT, E. May, A. Ekstrém, and C. Forssen, Phys. Rev. C 108, (2023)

- Accurate, but not very precise (high energy, LO).

-Not very accurate, but somewhat reasonable
within LO uncertainty.

-Quite accurate, but the experimental error is large.

* Predictions are RG-invariant.
* Uncertainties are crucial for conclusions!
* The error model used is insufficient,

y higher orders are needed.



Adding perturbative corrections

0 1 2 3
V = Vl\(n\%(a(o)) + Vl\(u\?(am) + Vl\(u\?(a@)) + Vl\(n\?(a(g)) + ...
| | |

LO Perturbative corrections

e More LECs: a9, aM) a® o).

* A first step: Calibrate LECs using phase shifts and
compute predictions for scattering observables.

15



Perturbatively computed phase shifts

Sub-leading amplitudes using DWBA: Phase shifts (uncoupled channels):

(1) _ Q]L_V(l)ﬂ+, S = exp (2id)

0) () ;, ¢@) (3) 3
T(2) _ QT_ (V(Q) 4 V(l)GfV(l)) Q—|—> SV 4+ S S+ SV 4+ O07)

= exp(2i[6"” + 8V 4+ 6% + 89 + O(0)))

7@ = of (VO 4 vAetv® 4 vOetv @y
SO — exp(2i8(0)),

S =28 —2(8M)* T exp(2i8®),

Qp =1+GFT0 i N i
S = 12i8) — 45 — — (M) | exp(2i6©)
Of =1 +7Oag¢ _ 307

+_ +
G| = Q4:G, sV _ 500 L 50 e R

tot

16



Calibrate LECs using np phase shifts

* Phase shifts are computed perturbatively.

\ : * LECs are inferred by reproducing phase
N> shifts at specific energies (¢).

4 F  Two cutoffs:

2‘ A =500 MeV, A = 2500 MeV

* Note: NLO = LO except in 1SO.

0 100 200 0 100 200 0 100 200
Tian (MeV) Tian (MeV) Tiar (MeV)

OT, A. Ekstrom, and C. Forssén, Phys. Rev. C 109, (2024) 17



Predicted scattering observables

LO N°LO :
NLO I exp. * Clear improvement order-by-order.
N?LO . .

* Sufficiently accurate cross sections

Ayy, 50.0 MeV do /dQ2, 10.0 MeV (mb/sr) do/dQ2, 47.5 MeV (mb/sr) to use in inference of LECs.
i} el | 20

15 2 * Energy-dependent accuracy.

R | It wi % F < Hintsthat the breakdown scale can
: . : o : " be aslow as A, ~ 200 — 300 MeV.

HC,m_ (deg) Hc.m. (deg) HC-m- (deg)

OT, A. Ekstrom, and C. Forssén, Phys. Rev. C 109, (2024)
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Computing phase shifts perturbatively

Uncoupled channels: Note: All §) € R by construction:
1
Ro>6=—1In(S)=f(V), VeR
S = exp (2id) 21
3
Vig)=) 2"V = i(2) = f(V(2))
SO 4 g 4 ¢ 4 ¢B) 1 O(Q3) —0
_ exp(2i[8(0) 4+ 5M 4 5@ 4 5B 4 0(Q3 )]) —>Taylor expansion of 6(x) must be real!
SO — exp(2is©®), @QMMLS_
S(l) = 2i8(1) CXp(2i8(O)), G COS(26)€2i51 isin(26)ei(51+52)
$@ = 12i6® — 2(6M)* T exp(2isV), ~ \isinQe)el®t8)  cos(2€)e®
_ 47 i,
B) — |7;83) _ 45Me(2) _ " s(1))3 : 2(0) > o o0 0
SV = _218 4670 3 (0°) _ exp(2i0*") § — Z _ s 5 — ZB§V)’ 5, — Z(Sg}), . _ Zé(v)
=0 =0 v=0 v=0

— W =50 L. 50 R

19



Computing phase shifts perturbatively

Uncoupled channels: Alternatively:
3 1 S(v)
S 2 (50 4 V) = §;o ¢ R
§ = exp (2i0) tot 94 H(S;,i) tot.
=5}

SO+ 5D +5@ + 59 1+ 0(0%)
= exp(2i[6"” + 8V 4+ 6® + 89 + O(0)))

SO = exp(2i8),
S = 2i5M exp(2i8),
S@ = [2i6® —2(8M)* ] exp(2is),

§® — [ 2i5® _ 455 _ %(5“))3_ exp(2is©)

— 6 =60 4 ... 46 eR
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Computing phase shifts perturbatively

Uncoupled channels: Alternatively:
) _ 1 q0) )y = 6 ¢ R
S = exp (2i8) Otot = 5 (S 4+ 57 tof
— N ——  —
s
S(Q) + S(l) _|_ S(z) —|— S(3) —|— O(Q3) === Nijm pert. —==non-pert. real —:= non-pert. imag.
— exp(2[8©@ + 5D + 5§ 1 53 + O0%)]) @ 197 (Do L - 103 Lo L S 1 C7)

S 5= //' C g //’ F - .
q Rt s

SO — exp(2i8©), S gdLZ R e N D _

S = 280 exp(2i6),

$@ = [2i8 — 2(8'V)* ] exp(2i8),

§® — [ 2i5® _ 455 _ %(5“))3_ exp(2is©)

— 51553 — (S(O) + ...+ 5(V) - R . Tiabp (MeV) Tap (MeV) Tiap (MeV)



Computing phase shifts perturbatively

Uncoupled channels: Alternatively:
: 1 (v)
) _ 1 g0 )y = o) ¢ R
S = exp (2i8) ot = 57 (" A+ S ot ¢
=52
S(O) 4 S(l) 4 S(z) 4 S(3) + O(Q3) -==— Nim pert. —== non-pert. real —+— non-pert. imag.
10 — | SN | . F 10 - .
— exp2i[8© + 8D + 5@ 4 6@ + O] I g Y E IR
= 53 Sltsil =1+ c@/a) Tt | E e
a . b ]
g0) _ exp(2i8(0)), S 9 JdL . Jo— B oo d<S _
S =25 exp(2i8), -
S® = 2i8 — 2(8V)* 1 exp(2is), ¥
§8 — [ 2i5® _ 4505@ _ (5013 | exn2is®y £ o
3 i C ] u i
0 200 0 200 0 200
— 5&) =6D ...+ eR Tab (MeV) Tiap (MeV) Tiap (MeV)
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Perturbative unitarity breaking

In each channel:
Stet St = 1+ C(Q/Ap)"

Gauge the effect on observables:

1

do
0 =2 d Qcm T~ ) Qcm
Otot (P0) ﬂf (cos )dQ(pO )

—1

Compare to using the optical theorem, which
is exact when the amplitude is unitary:

N 27T
Otot (Do) = p_ Im [a(Ocmy, = 0) 4+ b(Ocn = 0)]
0

‘O-tot — 5-tot‘/|0-tot|

21
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Perturbative unitarity breaking

In each channel:
Stet St = 1+ C(Q/Ap)"

Gauge the effect on observables:

1

do
0 =2 d Qcm T~ ) Qcm
Otot (P0) ﬂf (cos )dQ(pO )

—1

Compare to using the optical theorem, which
is exact when the amplitude is unitary:

N 27T
Otot (Do) = p_ Im [a(Ocmy, = 0) 4+ b(Ocn = 0)]
0

‘O-tot — 5-tot‘/|0-tot|

109

NLO N?LO N3LO
E| E
| T T T T T T T T T T T T 1T T 7T 7T T T T 7T T T T T T T T T T 1
0 25 50 75 100 125 150
CFlaLb (MGV)

10 % error at energies:

21



Perturbative unitarity breaking

NLO N°LO N°LO
In each channel: 100 o L
V)T (v v+1 3 —1 —:.- -:—
Sigot) Stsot) =1+ C(Q/Ab) i 69 10 E E
< _ -
— 107° 4 E
Gauge the effect on observables: & - :
| 1077 3 E
—on [ d(cos ) % (0. 0 S E E
Otot(Po) = 27 y (€08 Bem) — = (P0, Oem) € 107+ L
Compare to using the optical theorem, which 10-5 o -
is exact when the amplitude is unitary: 0 %5 50 75 100 125 150

Otot (P0) = 2—7[ Im [a(Ocm = 0) + b(Ocn = 0)] Tab (MeV)
Po (NLO)

10 % error at energies: 45 MeV
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NLO N°LO N°LO
In each channel: 100 o L
V)T (v v+1 3 —1 —:.- -:—
Sigot) Stsot) =1+ C(Q/Ab) i 69 10 E E
< _ -
— 107° 4 E
Gauge the effect on observables: & - :
| 1077 3 E
—on [ d(cos ) % (0. 0 S E E
Otot(Po) = 27 y (€08 Bem) — = (P0, Oem) € 107+ L
Compare to using the optical theorem, which 10-5 o -
is exact when the amplitude is unitary: 0 %5 50 75 100 125 150

Otot (P0) = 2—7[ Im [a(Ocm = 0) + b(Ocn = 0)] Tab (MeV)
Po (NLO)

10 % error at energies: 45 MeV 75 MeV
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Perturbative unitarity breaking

NLO N*LO N°LO

In each channel: 100 .

V)T (v v+1 3 —1 —:.- -:—

St TSl =14 C(Q/Ap)" s 107

— - :

— 1077 = E

Gauge the effect on observables: & - :

| 1077 3 E

o [ dieose % o 3 E :

Utot(pO) = 47T » (COS cm) d—Q(PO, cm) 5 10—4 E e

Compare to using the optical theorem, which 105 L
. . . . ({r+r+rrryrtrrryr+r+rrprrrdoprtdrpnrrnrnrgpl
is exact when the amplitude is unitary: 0 o 50 75 100 195 150

N 27T TNab (MeV)
o :—I Hcm:O ‘|‘b90m:O
0ot (P0) 7 m [a( ) + b )] (NLO) (N3LO)

10 % error at energies: 45 MeV 75 MeV 135 MeV
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Perturbative unitarity breaking

NLO N°LO N°LO
In each channel: 100 o L
V)T (v v+1 3 —1 —:.- -:—
Sigot) Stsot) =1+ C(Q/Ab) i 69 10 E E
< _ -
— 107° 4 E
Gauge the effect on observables: & - :
| 1077 3 E
—on [ d(cos ) % (0. 0 S E E
Otot(Po) = 27 y (€08 Bem) — = (P0, Oem) € 107+ L
Compare to using the optical theorem, which 10-5 o -
is exact when the amplitude is unitary: 0 %5 50 75 100 125 150

Otot (P0) = 2—7[ Im [a(Ocm = 0) + b(Ocn = 0)] Tab (MeV)
po (NLO) (N3LO)

10 % error at energies: 45 MeV 75 MeV 135 MeV

« What can be gained from connecting
perturbative unitarity breaking and EFT errors?

21



Low-energy theorems (LETS)



Low-energy theorems (LETS)

* Is pion dynamics being treated properly?

o0 5
i
* LET: Predicted higher-order coefficients in the effective-range expansion. <
1 1
F(k) =kcoté (k) = ~ - §rk2 + vak* + v3k® + v4k® + O (K'°) 0
I | I |
Fit Predict

* Predictions are clear indicators of correctly captured pion dynamics.



Low-energy theorems (LETS)

* Is pion dynamics being treated properly?

o0 50 —
=

* LET: Predicted higher-order coefficients in the effective-range expansion. <

1 1
F(k) = kcot o (k) = a0 | 57“]62 + vok®* + v3k® + v4k® + O (klo)
l | l |
Fit Predict

* Predictions are clear indicators of correctly captured pion dynamics.

- Cohen and Hansen:
Analytical expressions
for V2.3 4.

g M 16 32 2

QO

o

60|

30

0 50 100 150 200 250 300
p (MeV)

D.B. Kaplan et al., Nucl. Phys. B 534 (1998)

5 ('S, channel)
low energy theorem
partial wave analysis

5 (S, channel)
low energy theorem
partial wave analysis

e (°S,->D, mixing)
low energy theorem
partial wave analysis

v, (fm?)
—3.3
—0.48

v, (fm)
—0.95
0.04

81 (fm3)
3.9
1.7

v; (fm)
17.8
3.8

v3 (fm’)
4.6
0.67

g, (fm’)
—86.0

—26.0

v, (fm’)
—108.0
—17.0

vy (fm’)
—250
—4.0

g5 (fm’)
1.8%X10°

22X 10?2

T.D. Cohen, J.M.

Hansen, Phys. Rev. C 59, (1999)



Low-energy theorems: 'S,

Phase shifts in 1S,

LO NLO N2LO N°LO  =---- Nijm.

0 100 200 0 100 200
Tiar (MeV) Tiar (MeV)

1 1
F(k) = kcotd (k) = o + 57“]62 + vok® + v3k® + vk + O (klo)

—AC) 7(0)

9 (D) ()12 ()
F(k) — ik = 1 | ( —_ +

TOTE@ TG [p®7° O*
" 2(T(o))2 TO) |10 +O<—>

Predicted effective range parameters (LETS)

1Sy partial wave a [fm] r [fm)] vg [fm3] w3 [fm°] v4 [fm”]

Empirical (Ref. [27]) —23.735(16) 2.68(3) —0.48(2)  3.9(1) —19.6(5)

A = 500 MeV, (no CIB)

LO * 1.71(0) —1.77(0) 8.54(0)  —47.0(3)

NLO * * —0.64(0)  4.79(0)  —29.9(2)

N2LO * 2.72(0) —0.71(0)  5.05(0) —29.3(2)

N3LO * 2.69(0) —0.66(0) 5.42(0)  —31.0(2)

A = 500 MeV, (CIB)

LO * 1.68(0) —1.55(0) 6.63(0) —31.64(8)
NLO * * —0.45(0)  3.42(0) —18.95(8)
N2LO * 2.70(0) —0.55(0) 3.77(0)  —18.8(2)
N3LO * 2.68(0) —0.50(0) 4.02(0) —19.8(2)

* CIBin one-pion exchange is significant in 1S0.

v Both phase shift and LETSs are accurate.

03 OT, Few-Body Syst. 65, 69 (2024)




Low-energy theorems: S,

Phase shifts in 3S,— 3D, Predicted effective range parameters (LETS)
3 35, E O_E 3 381 partial wave a [fm] 7 [fm] vg [fm3] w3 [fm®] w4 [fm7]
] - o —10 3 = Empirical (Ref. [27]) | 5.42 1.75 0.045 0.67 —3.94
E F 23 : A = 500 MeV
E F o 703 g LO x 1.58(0) —0.10(0) 0.89(0) —5.5(2)
. : —30 3 - N2LO * * 0.14(0) 0.80(0) —4.2(2)
1 ——— N3LO % x —0.06(0) 0.46(0) —3.7(2)
0 100 200 0 100 200 A = 2500 MeV
T Tiap (MeV) LO x 1.66(0) —0.01(0) 0.79(0) —4.7(2)
L N2LO x x 0.09(0)  0.74(0)  —4.2(7)
- LO N°LO N3LO * * 0.04(0)  0.67(2) —4.0(9)
T - N?LO  ---- Nijm.
/,” 4—4
T * CIB in one-pion exchange is not significant in 351.
0 100 200
Tiap (MeV)

* Cutoff independence for A = 750 MeV.

v Both phase shift and LETs are accurate, and improved for
high cutoffs.

o OT, Few-Body Syst. 65, 69 (2024)
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- Extra counterterms to absorb A - dependence.
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- Extra counterterms to absorb A - dependence.
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- Potential corrections added perturbatively beyond LO.
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- Extra counterterms to absorb A - dependence.

VAN VAN Van Van
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- Potential corrections added perturbatively beyond LO.

* We have found:
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Summary

FON N

--------------------------

" Modified PG Semo e o)
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- Extra counterterms to absorb A - dependence.

- Potential corrections added perturbatively beyond LO.

* We have found: .

- A Bayesian approach is advantageous to infer LECs at LO. |« ««
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 Modified PC:

Summary

llllllllllllllllllllllllllll

-----

0 1 2 3
V = Vl\(n\%(a(o)) + Vl\(n\?(a(l)) + Vlél\%(a(z)) + Vl\(n\?(a(?’)) + ...

N

llllllllllllllllllllllllllllllllllllllllllllllllllllllllll

v

- Extra counterterms to absorb A - dependence.

- Potential corrections added perturbatively beyond LO.

* We have found:

- A Bayesian approach is advantageous to infer LECs at LO. |« ««

jﬁjﬁllk 0.50 —
i .

| - ﬂl ]
Al .25

m 0.25 =

e @ N m

~ o LR 0.00 __

—0.25 =

- Accurate description of np scattering up to 100 MeV at

N-LO.
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Summary

PN

lllllllllllllllllllllllllllllllllllllllllllllllllllll

* Modified PC: R

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

- Extra counterterms to absorb A - dependence.

- Potential corrections added perturbatively beyond LO.

L 0.50 —

* We have found: o

A4 0.25 —

e 0.00

- A Bayesian approach is advantageous to infer LECs at LO. |« ««

—0.25 =

- Accurate description of np scattering up to 100 MeV at

3
N LO F(k) = kcotd (k) = _l + %’er + vok? 4+ v3k® + vk + O (klo)

a

- Satisfactory low-energy behavior of amplitudes.
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Outlook

* Todo list:

» Bayesian inference of LECs to N°LO.

* Implement perturbative bound-state calculations.
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* Todo list:

» Bayesian inference of LECs to N°LO.

* Implement perturbative bound-state calculations.

* Study:

* Quantitative (statistical) many-body predictions.
* Breakdown scale of yEFT.

* Impact of A-resonance.

e RG-1nvariance.
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Outlook

* Todo list:

» Bayesian inference of LECs to N°LO.

* Implement perturbative bound-state calculations.

* Study:

* Quantitative (statistical) many-body predictions.

* Breakdown scale of yEFT.
* Impact of A-resonance. Thank y()u!

e RG-1nvariance.
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Discussion points

What are the advantages/disadvantages of treating sub-leading interactions
in perturbation theory for light and heavy systems respectively?

Can perturbative computations of observables contribute to learning about
the LO interaction?

What can be gained from connecting perturbative unitarity breaking and
EFT errors?

How much should including A’s affect the breakdown scale in yEFT?

27
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Weinberg PC

NN 4N
[151,152] 2
LO
0@y | ¥ 1 — _
[164,165] 7 [166-169]
NLO .-
o HEN- - -
[164,165] 0 [167,170] 2
N’LO 4|4 ke
oom | P ELEL I e el X -
[179-182] 12 [183-185] 0| | <2006 > [186] 0
N’LO 4] 4. \ -
oo Y bbb - | L X A - X FA
[188,189] 0| | C2011- > [190-192] ? ?
N‘LO ) s , . , ,
oo | L Pty LN O E | e e
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Order

Pion contribution

MWPC by Long and Yang

Contact terms

LO

NLO

N*LO

Diy (0 +p%),

D5y (¢ +p°) Dghp®

(0) /2 0

C(2)

1507

Csy,

0

E5y p'p(0” +p*) , Dy p'p,

E

(»? +p*) EV)p?

O )
" 0

Di) p'p, D5 p'p

0
0

Y

DS) p'p 0

P
0

0

Y

30

N3LO

Vi? (include

wN LECs: c1,c3,ca)

0 1 2
o PP (07 +p%), Eig p°p", DI (0 +p°),

1 1 2
D{Y (0% +p°) Dspp*\ [CsY)
DY) p? 0 0

Esp p'p(p” +p%), Dip p'p,

Eip (07 +p°) Epip®\ (D5,
EQ) p? 0 / 0
Dip p'p, DS p'p

p'p O
0




Predicted scattering observables

do /dS2, 10.0 MeV (mb/sr) do /dS2, 47.5 MeV (mb/sr) do /dS2, 96.0 MeV (mb/sr)
] m — - 15 —
80.0 3 - 207 - ] I
775 = = 15 = 10 - -
75.0 = o . " - -
. - 10 5% N
72°5_|||||||||||||||||||_ YTTTTTTTTI T[T T T T T T T [T T T T[T T T T[T TTT[TT]1
Py, 14.1 MeV Py, 60.0 MeV P,, 100.0 MeV
0.04 - _ i i C
- - - - 0.4 n
0.02 C 0.2 - . -
- : : - 0.2 - -
0.00 = . i . -
: C 0.0 —- 0.0 7 o
_||||||||||||||\|_;|||_ _|||||||||||||||||||_ [T T T T [T T T T[T T T T[T
A 23.1 MeV A 50.0 MeV ’ > 0 150
, 23. e , 00. e
) vy ) vy ecm(deg)
. - 0.50 5 -
0.2 - . -
] w02 - LO N3LO
0.1 = = 0.00 = e f exp.
7] - _ - NQLO
0.0 3 ~_0.25 =
_|||||||||||||||||||_ TTTTTT T T T T T
0 50 100 150 0 50 100 150
Oc.m. (deg) Oc.m. (deg)

31



Low-energy behavior: 'S,

LO NLO N?LO N°LO  =--- Nijm.

1Sy partial wave a [fm] r [fm)] vo [fm3] w3 [fm?®] v4 [fm”]
Empirical (Ref. [27]) —23.735(16) 2.68(3) —0.48(2)  3.9(1) —19.6(5)
} B A =500 MeV, (no CIB)
_ _ LO * 1.71(0) —1.77(0) 8.54(0)  —47.0(3)
- - NLO * * —0.64(0)  4.79(0)  —29.9(2)
- - N2LO * 2.72(0) —0.71(0) 5.05(0)  —29.3(2)
- - N3LO * 2.69(0) —0.66(0) 5.42(0)  —31.0(2)
B B A = 2500 MeV, (no CIB)
C N LO * 1.49(0) —2.06(0) 9.34(0)  —50.7(3)
_ - NLO * * —0.55(0)  4.70(0)  —30.1(2)
N2LO * 2.75(0) —0.75(0)  4.80(0)  —28.1(2)
200 200 N3LO * 2.70(0) —0.69(0) 5.52(0)  —30.6(5)

A = 500 MeV, (CIB)

LO « 1.68(0) —1.55(0) 6.63(0) —31.64(8)
- NLO x « —0.45(0) 3.42(0) —18.95(8
2 N2LO x 2.70(0) —0.55503 3.77%0% —18.8((2))
F(k) — ik = 0 1 + N3LO i 2.68(0) —0.50(0) 4.02(0) —19.8(2)
mmy1’ A = 2500 MeV, (CIB)
- _ LO x 1.47(0) —1.81(0) 7.27(0) —34.23(8)
1) (2 NLO x x —0.36(0) 3.35(0) —19.13(8)
2T( T N2LO x 2.72(0) —0.59(0) 3.56(0) —17.7(3)
(T(O) ) 2 ' N3LO % 2.67(0) —0.52(0) 4.26(2)  —20.0(7)
2
0 2 o -
OPEnoCIB: V9 = fA2 ( Zq) ( : 9) [2[([ +1)— 3]
f= q°+mg
5 ]
(0) ga 1 I+1 2
OPECIB: Vi, = o1-q) (02 - - (=1
17 4f7% ( q) ( q) _ qz n m721-0 ! ( ) q2 + mzi

32




FO (k) =

Low-energy behavior: S, (no CIB)

(k) = kcot (65%,),

k d cot (5§(gl)

- do
d cot (5:(),(39)1)

1
X 5?23)17

1 d? cot (5§OS)1)

X 5:%)1 +

do

_dCOt (5:(3%)1) o 5(3)

do
1 d3 cot (55%)1)

_|__

do3

d? cot (5:§?9)1)

1) (2
X 3518551+

351 partial wave a [fm] 7 [fm] vg [fm3] w3 [fm®] vy [fm”]
Empirical (Ref. [27]) 1.75 0.045 0.67 —3.94
A = 500 MeV

LO 1.58(0) —0.10(0) 0.89(0) —5.5(2)
N2LO % 0.14(0) 0.80(0)  —4.2(2)
N3LO % —0.06(0) 0.46(0) —3.7(2)
A =750 MeV

LO 1.69(0)  0.01(0) 0.77(0)  —4.5(4)
N2LO * 0.10(0) 0.77(0)  —4.2(4)
N3LO % 0.01(0) 0.62(0) —4.0(4)
A = 1000 MeV

LO 1.69(0)  0.01(0) 0.77(0)  —4.6(4)
N2LO * 0.09(0) 0.75(0)  —4.2(7)
N3LO x 0.04(0) 0.67(0)  —4.0(4)
A = 2500 MeV

LO 1.66(0) —0.01(0) 0.79(0) —4.7(2)
N2LO * 0.09(0) 0.74(0)  —4.2(7)
N3LO % 0.04(0) 0.67(2)  —4.0(9)




