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@ Motivation & Introduction

@ BChPTx1/Nc: combined chiral and 1/N, expansions

©@ 7N — 7N at NNLO: one-loop amplitude and renormalization
@ Fits to partial wave amplitudes

@ Summary

Dulitha Jayakodige (Hampton U.) 7 N Scattering in BChPTx1/Nec MENU 2026



Pion—Nucleon Scattering

7"'a(l’v'l) .Fb(kz)

@ Simplest meson—baryon scattering process
@ A clean laboratory for low-energy QCD

@ Low-energy dynamics governed by spontaneously broken chiral
symmetry (pions: Goldstone bosons)

o Sufficient availability of data to test the theory
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The 1/N,. Expansion of QCD

@ QCD has a hidden expansion parameter 1/N,
» N.: number of colors, gauge group SU(N,)

» real world N, =3

> Large-N, limit: N, is a large odd number

@ Usually applied at the quark—gluon level, but it can also be applied
at the hadronic level (EFT):

» spin-flavor SU(4) symmetry for baryons
» mesons: M, = O(NY), F,=O(/N,)
» baryons (N, quarks): mp = O(N,)

genn = O(NS'?), N amplitudes must be O(N?)

v

v

N and A belong to one spin-flavor multiplet
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Motivation to Combine 1/N, with BChPT

@ Ordinary BChPT (only S = 1/2 baryons) has poor convergence:
> light A: ma —mpy ~ 293 MeV

> large mN coupling: large counterterms needed

@ Including the A improves convergence: S = % and S = % loop
contributions partially cancel

> in the 1/N, expansion N and A are in one spin-flavor multiplet
= A is naturally included in the combined approach

e mp = O(N.) = 1/mp corrections are 1/N -suppressed
=- Heavy-Baryon ChPT treatment is natural
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BChPT Combined with 1/Nc

e Symmetries: chiral SUL(2) x SUR(2) and spin-flavor SU(4)
o L~ Bf T\ Tsr B: chiral order from T, 1/N. order from Tsp

Bg=1/2

B Bs.=3/2

Bs_n./2

& expansion: BChPTx1/Nc: O(p) = O(1/N.) = O(§)

Dulitha Jayakodige (Hampton U.) 7 N Scattering in BChPTx1/N¢c MENU 2026



BChPTx1/Nc

, o iapia _ CHF o,
L= B'(iD fagie - =225% 4 B
(Z 0 gau N, 20 %

F2<D U(D D) > fjf <XUT+UXT>

D, =0, + 1 (uWou+udul) ue=1(ur) u? =U = exp(it?m®/Fy)
ul =1 (uTaiu — uaiuT) x = 2By M G :  spin-flavor operator
X+ = uTX’u,]L + UXTU Cur =ma —mp §A3 axial coupling constant
X+ = X411 Xt = (x+1) X+ = X+ + Nex§

¢1 = quark mass contribution term Fp = 92 MeV A = 770 MeV
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@ This kind of large N, cancellations are very common
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Scattering Amplitude Calculation
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@ 82 (49 non-zero; including cross diagrams) diagrams were calculated
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Scattering Amplitude at LO
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Loop Diagrams and UV Divergences

b \ _ ia ja d4k kI
> G Py G f( )4 (k2 —M2+ie) (p° —kO—dmp +ie)

e Dimensional regularization (d =4 — 2¢, A =1 —y +log4n)
isolates the UV divergences

Not Finite (UV divergence)

.02
— 7’9714 ’”za ia 2 . 0
= T b WG ( 3(3MZ = 2(p° — 0mn)?) (p” — dmn) e

+ (p° = 0map) (=21 M2 + 16(p° — 5mn)?)
+3(p° — 6mn)(3M2 — 2(p° — 6my)?) log(M2 /u?) ¢—— Finite

+12(M2 — (p° — 6m,,)?)3/2 (g + arctan ((pO — dmn)// M2 — (p° — 5mn)2>) )
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Example Diagram: No-pole UV Divergence

| >
k1 aY " - A I/Ak‘g b
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_ ghkikg
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(il;fz (4(k? + k) (BN(Ne + 4)((3N4(N, + 4) — 16) — 165%) + 64(55% + §4))

- CJI\;F (NC(NC + 4)(3(183N.(N, + 4) — 2128)
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iéabez‘jk<CHF
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All Diagrams: No-pole UV Divergence

Projection UV no-pole
J=0,I=0| 2g5a0P%E (3N(4+ Nc) — 205?) (4ky.ky — 3M2)
+4808,, ANz (8k ky — 5M2)
J=1,1=0 —ighakik] (k) + k) sebek gk
- 4 0 0\ 7., .. .abcTc
—igho (k] + k3) ky.koe®€I¢ +
J—0I-1 o (Y 2)ﬂ <
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+24g% ak ketbeeliR CHE (2 + N)GR — 3SFT°)
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Here, a = 77687:2F#
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Counter-term Lagrangian
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@ 21 Low Energy Constants (LEC); When 7N — 7N only 9 LEC
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Pion Nucleon Scattering Partial Wave Data

@ SAID database maintained by George Washington University

@ It provides Single Energy Value (SEV) data points with errorbars and

WI08 Solution

@ Notation: Lojay

S11 Re

0.20 1

0.151

0.10 1

0.05 1

0.00

— wiog
4 SEV

0 200

400

S111Im
— wiog
0.044 ¢ sev
0.03
0.02 1
0.011
000 T T T
0 200 400

531 — isospin 3/2 and spin 1/2

0.0

-0.1

-0.2

—0.3 1

S31 Re

— wios
4 SEV

0 200

400

S31Im
— wiog
0.1004 ¢ SEV &
0.075
0.050 1
0.025
0.000 +; - -
0 200 400

Figure: S partial wave: the horizontal axes represent the pion momentum in the

lab frame (in MeV) and the vertical axes represent dimensionless partial waves
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x 10

partial wave: Sy

Theory vs Experimental Data - S11 and S31

S11 Partial Wave Vs CM Momentum

S31 Partial Wave Vs CM Momentum

1001 __ " «Re(n : LO Effective Theory kRe(f) : SAID WI08 — =~ kRel(f) : LO Effective Theory kRe(N : SAID W08
=== KIm(f) : LO Effective Theory « kIm(f)-: SAID WI08 o 4 KkIm() : LO Effective Theory Kim(f) : SAID WI08
0.75 kRe(f) : Effective Theory KkRe(f) : SAID SEV_ -~ % —— kRe(N : Effective Theory KkRe(f) : SAID'SEV.
—— kIm(f : Unitarity Relation Kim(n : SaID SEV 2 | —— «Im(A : Unitarity Relation Kkim(f) .+ SAID SEV.
0.50 kIm(f) : Effective Theory -7 o kIm(f) : Effective Theory
W
v
>
T
=
s
t
-0.25 g
-0.50
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
k (MeV) k (MeV)

(deg)

phase shift: S;;

S11 Phase Shift Vs CM Momentum

S31 Phase Shift Vs CM Momentum

of
£}
g -10
& -20
&

~10 z
o —301

-20 K

304 ——~- 6:LOEffectiveTheory ~ veee 5 : SAID WI08. S _404 ~—-~- 6:LOEffective Theory — «weeee 6 : SAID WI08

= & : Effective Theory § 6:SADSEV = & : Effective Theory § 6:SADSEV
-40
0 50 100 150 200 250 300 350 4 50 100 150 200 250 300 350
K (MeV) k (MeV)

litha Jayakodige (Hampton U Scattering in BChPTx1 MENU 2026



Theory vs Experimental Data - P11 and P13

P11 Partial Wave Vs CM Momentum

P13 Partial Wave Vs CM Momentum
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x 10

partial wave: P3;

(deg)

phase shift: P3;

Theory vs Experimental Data - P31 and P33

P31 Partial Wave Vs CM Momentum P33 Partial Wave Vs CM Momentum
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x 10

partial wave: Dy3

Theory vs Experimental Data - D13 and D15

D13 Partial Wave Vs CM Momentum

D15 Partial Wave Vs CM Momentum
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x10?

partial wave: D33

Theory vs Experimental Data - D33 and D35
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D35 Partial Wave Vs CM Momentum
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Results from the Fit

o Fit range: S-waves < 250 MeV, others < 350 MeV

Fit Reference LEC

Cur [MeV]  304.3(0.8) - ald)  —4.43(0.27)
Ta [MeV]  119.7(1.4) 117 (114-120) | «f))  0.35(0.31)
ga 1.18 - ol 3.90(1.29)
& —0.90(0.05) - ol —1.99(0.81)
GANN 1.58(0.03) bgp=153 | afY  0.81(0.20)
gaNA 1.81(0.01) - alY —0.49(0.27)

ol 2.60(0.57)
af 0.006/M,  0.0078(28)/M, | oft)  —6.17(0.74)
ay 0.087/M,  0.0866(10)/M, | o{2  4.28(1.96)
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Summary and Conclusions

@ Applied BChPT x1/Nc to NN scattering at NNLO (one loop),
renormalized at generic N,

e SU(4) spin-flavor symmetry: O(N,) pieces cancel among diagrams
= drastically improved convergence of the low energy expansion

o Fit to SAID partial waves: good agreement up to ke ~ 250 MeV;
P33 up to 350 MeV

@ A extends the range, especially in the P33 partial wave
o NNLO significantly improves on LO, with natural-size of corrections

e D-waves appear at one loop: finite and predictive (no counterterms)
= improving them requires a higher-order (N3LO) calculation
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e Extract the pion—nucleon o-term, in BChPT x1/Nc
@ Extend this work to 7N — A
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o For further details, please see our paper: Phys. Rev. D 112, 114048
https://doi.org/10.1103 /xbrd-8p5x

Thank you !

This work is supported by the National Science Foundation,
Grants PHY-1613951, PHY-1913562, and PHY-2412757
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Example of extracting UV No-pole-term

FSEN S o —i%0v = 1gx ZAFZC'VICZ’”GIC (3M? (0mn — p°) — 2 (6mn *po)s)

PR o i mass renormalization
[ Sl ;

n n n _ (945 1Pn 19,4 i i 2 _ ) — _ N3

WH»MO o G 20 487T2F2G PG| BM7 (dmy, — dmyy) — 2 (6my, — Sy
+p° (—3]\12 +6(6m, — 6mn/)2> + (1°)2 (=6 (8mp — Omy)) + 2(p0)3>

Here p° = dm,, + p° , where p” is the small kinetic energy of the nucleon
+ RS kS . k vertex renormalization
. by Gley Gle 2 2
5 =L 2 2kJGJ P Glpn G (73M 16 (6 — Om) )

40 (=6 (5, — Smy)) + z(p°)2> (%) (_ @ kiGia>
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Projecting spin-flavor operators

o Composite operators can be written in terms of basis operators

Example:
. . L. 1 1 1
Gieg2gIt =6”6“b<—N 44 N, —— (=40 + 3N (4 + Ne)) 82 — — s‘*)
( )Izw=0 5q Ne(@+ Ne) & (=40 + 3N (4 + Ne)) 5
) - 1 7
(Gmszcﬂb) :iéabe”k<—(2—Nc(4+Nc)) sk + L skg? )
=0,J=1 24 24
g 3 1 1
(G’as%ﬂb) :e”ke‘“’c(f skre 4+ = skres? — Z(24 Ne) gRe
F=iyd=i 8 s s
1 2 ke
——(2+ Ne) {82, Gk}
16
) ) 1 S 1 ) )
Gio g2 it _ 6ab(7 5,59 B 1 2 (g g0 _ )
( )I=O,J=2 12{ }lJ_2+24 { }la=e
; 1 o 1 o
Gieg2 it . abc(7 24 N st gic , —Lrelgigi _ )
( ) I—1J7= i€ 8( + c){ }|J72 s { }‘J72
CRERS = 2 G, ™) I gma + {82,{G™,G™*) I1mp sm2)
I=2,7= 2 2 4 2
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¢ and h* from Data

o Experimental data for g* and h* amplitudes can be obtained from:

— 8
75 (w,0) = l; EI\T/”EN (+ DFE + 1 ) Pcos )

hE(w,0) = Z wﬂi:}% (((l + l)flf_PH,l(cos 0) + Lfi£ Pi—1(cos 9))
1=0

_((l + 1)ffF + lf;f) cos 6 P)(cos 9))

@ Here, flji : SAID pw data
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Partial Waves and Phase Shifts

e Partial waves (independent of : scattering angle) are given by:

Vw2 = M2+ m% +mn

16m(y/w? + m3 — M2+ w

fiE(w) = ) /O7T sin 6d0 (gj[(w7 0)P,(cos )

+(w? — M2)h*(w, 0) {Plil(cos 0) — cos OP;(cos O)D

@ S-channel partial waves, flli :

) ()
z?f 1 -1 ym

@ Phase shifts:

2Am(kfl)+nl —1
5111 = arctan ( (kfizp) + i

2Re(k fL,)

o Notation: Losoy; here, J =14; S31 — isospin 3/2 and spin 1/2
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Power Counting

Linked power counting £ is defined as O(1/N.) = O(p) = O(£) [19]. The &-order

of a given Feynman diagram, v, is simply v, + vy/n,, as given by Eq. 2.36, Eq. 2.37,

and 2.38:
nTl'
ve=1+3L+ 5~ ne, + Zni(.’/{)l + vy — 1) (2.39)
(S'SLIL|S|S S5 15) = A/ S(S + 1) ds5:07,1,(S 53, 1i] S S5) (2.22)

(S"SSI|T%|SS3I5) = /S(S + 1) dss105,5; (ST5, 1a] S'T5)
(SfSéIé‘Gm‘Ssgij = i“ﬂ 225’:_»:; C(]\"C, S, S’) X (SS; 11|S’S§)<SI;. 1(1‘8’];}

Here (N, S,8") = /(2+ N.)2 — (5 — 5)2(5 + § +1)2. 1t is important to no-
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¢* and h* Amplitudes

@ General pion nucleon scattering amplitude, Tf;‘}v can be decomposed
in to gt and At amplitudes

Tha _ <E+mN

ba ST > (5“ [g+(w,t) +io - (ky % k) h+(w,t)}

Fiehacre [g*(w,t) Vo - (% k1) h™(w, 1) ] )
@ ¢ isoscalar non-spin-flip: 1 =J =0
@ ¢ : isovector non-spin-flip: I =1,J =0
@ h™: isoscalar spin-flip: 1 =0, J=1
@ h™: isovector spin-flip: [ =J =1
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¢ and h* from L

1 1
= N,—1 N)@M? —t — 2°
g 144F2( )5+ Ne)( t= 27 w+5mN—5mA+6mN—5mA—w

201M N
A

_ o w +
9 T

2
A 2 2 -1 1
N.—1 N)(2M* —t—2
+ ( )5+ Ne)( w?) (w+6mN75mA +5mN75mAfw)

288F2 (2 + N)?(2M? — t — 2w?) (%)

9a ! - .
+ (Ne — )(5+N)<w+(5mN*5mA 5mN75mA*W)

2
Y ! .
h = 2(]\f )(5+N)<w+5mN_5mA+5mN—5mA—OJ)
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Renormalization

Lot =Bt (%gﬁkskufﬁou‘;) B

fo ;
= Blrort ki (k) + 1) 0SB

(0) §j4«1A2 Ae 1 0 0\ sab_ijk ak
counter-term = | fio/ (@) + 96F2 (4r)? AQszle(lier)é gvns

Low Energy Constant (LEC) 5f{8)
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Renormalization

Lot =B (igsijkskufﬁoug) B
fio
A2F2
(0) gah® A iJ 0 sab_ijk ok
counter-term = | fio/ (@) + 96F2 (4r)? A2F2k 1k (k +k2>6 gvns

Low Energy Constant (LEC) ﬂf{g)

I UV No-pole from all 45 diagrams I

Projection UV no-pole
J=0,I=0| 2g5a6"SE (3N(4+ Nc) —205%) (4ky.ky — 3M?)
48004 ANM (8ky ey — 5M?)
J=1,1=0 —ighakik] (K + k3) §ebeisk gk

;o4 (10 1.0\ 1 1 _abcre
e ———

,BTab

ki (K + K9 o=k S+ B
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Finite NNLO

NNLO = LO + Loops

= I—Onofpole + Lopole + Loosnofpole + |—00P5poze

= I—Ono—pole + Loopsnofpole + \‘@ @ @/

.

= LOno—pole + LOOPS,5_poie + 2 S 4+ CounterTerms
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NNLO Theory vs Experimental Data - Re(g™")

x10-2 Re(g*)at6=5° x1072 Re(g*)at6=35" x1072 Re(g*) at6=65"
5 —— NNLO Theory 4 . = NNLO Theory =_ = NNLO Theory
—- LO Theory —- LO Theory \ —- LOTheory
I+ Experiment 5 I- Experiment I+ Experiment
0
24 Py
—a
—a]
64
T T T T T T T T T
100 200 300 100 200 300 100 200 300
x10-2 Re(g*) at@=95"° . x10-2 Re(g*) at6=135° %1072 Re(g*) at6=175"
0.2 4 —— NNLO Theory —— NNLO Theory
=+ LO Theory =+ LO Theory
0.0+4+ — T Experiment 49 .1 Experiment
1, T~
-0.2 4 3
—0.4
-0.61 —°
-0.8 4
1
~1.04 : NNLO Theory
1/ —. LoTheory
—124 L/ .1 Experiment

T T T T T T T T T
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Figure: Re(g™) from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show Re(g™) in units of 1/MeV for different CM angles.

Dulitha Jayakodige (Hampton U.) V' Scattering in BChPTx1/Nc MENU 2026



NNLO Theory vs Experimental Data - Im(g™")

x10-1 Im(g*)at6=5° x10-2 Im(g*) at9=35"° x1072 Im(g*) at6=65"
— NNLO Theory — NNLO Theory 5 | — NNLO Theory
1.0 { —- L0 Theory g | — toheory —- LO Theory

T+ Experiment T Experiment T Experiment

0.8
6
0.6 31
4
0.4 24
0.2 21 14
0.0 0 0
T T T T T T T T T
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x10-2 Im(g*) at6=95"° x10-2 Im(g*) at6=135" x10-1 Im(g*) at6=175"
3 —— NNLO Theory
—- LO Theory 0.0
T+ Experiment 0
-0.2 4 -
-

—0.4

—4] -0.6 1

—— NNLO Theory —0.8 { — NNLO Theory
—6 4 —- L0 Theory /! — - L0 Theory 3
T Experiment \¥ I- Experiment X/
T T T T T T -1.0 T T T
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Figure: Im(g") from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show Im(g™) in units of 1/MeV for different CM angles.
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NNLO Theory vs Experimental Data - Im(g™")

x10-1 Im(g*)at6=5" x10-2 Im(g*)at6=35"° x10-2 Im(g*) at6=65"

= NNLO Theory = NNLO Theory 5 4 —— NNLO Theory
1.0 —- Lo Theory g | =+ toheory —- LO Theory
I Experiment I+ Experiment - Experiment
08 41
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0.6 31
44
0.4 2
02 24 14
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3 —— NNLO Theory
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I Experiment 0 3
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—-0.24 Prs
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-2 '
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N, _t’//’" — NNLO Theory ——
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Figure: Im(g") from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show Im(g") in units of 1/MeV for different CM angles.
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NNLO Theory vs Experimental Data - Re(h™)

x10-6 Re(h*)atf=5" %1076 Re(h*)at6=35" x1076 Re(h*) at6=65"
| = NNLO Theory | — NNLO Theory —— NNLO Theory
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Figure: Re(h') from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show Re(h™) in units of (1/MeV)? for different CM angles.
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NNLO Theory vs Experimental Data - Im/(h™)

x10-7 Imh~)at8=5"° x10-7 Im(h~)at6=35" %107 Im(h~) at6=65"
5 4 —— NNLO Theory 5 4 —— NNLO Theory 5 | — NNLO Theory
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Figure: Im(h™) from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show I'm(h™) in units of (1/MeV)? for different CM angles.
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NNLO Theory vs Experimental Data - Re(g™)

x10-2 Re(g-) atf=5"° x10-2 Re(g-) at6=35° x10-2 Re(g~) at6=65"
4 { —— NNLO Theory - = NNLO Theory = NNLO Theory o —
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Figure: Re(g™) from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show Re(g™) in units of 1/MeV for different CM angles.
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NNLO Theory vs Experimental Data - Im(g™)
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Figure: Im(g™) from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show I'm(g~) in units of 1/MeV for different CM angles.
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NNLO Theory vs Experimental Data - Re(h™)
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Figure: Re(h™) from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show Re(h™) in units of (1/MeV)? for different CM angles.
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NNLO Theory vs Experimental Data - Im(h™)

x10-7 Imh~)at8=5"° x10-7 Im(h~)at6=35" %107 Im(h~) at6=65"
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Figure: Im(h™) from NNLO: The horizontal axes show the CM pion momentum in
MeV, and the vertical axes show I'm(h™) in units of (1/MeV)? for different CM angles.
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Low Energy Fit
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Figure: Horizontal axes: kcas = 30 — 200 MeV , vertical axes: g% (1/MeV) or hE (1/MeV)?
x?/dof = 45; g4 = 0.96; gann = 1.36; ganp = 1.48; ¢ = 0.29;
Cyr =295 MeV; I'a = 79.9 MeV
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Uncertainties Associated with Fits

e Fits with bootstrapped uncertainty
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Figure: Horizontal axes: kcps in MeV | vertical axes: g& (1/MeV) or h* (1/MeV)3
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