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Pion-Nucleon Scattering in Chiral

Perturbation Theory

in collaboration with V. Bernard, E. Epelbaum, A. Gasparyan, M. Hoferichter, J. Gegeila,
H. Krebs, B. Kubis, U.-G. MeiBner, J. Elvira de Ruiz, D. Yao

e A-less formulation
e A-ful formulation

e Subthreshold matching



Aim  Theoretical description of tN—-nN and nN-nniN above threshold

Problem | QCD is non-perturbative for low energies
Solution | Effective Field Theory = Chiral Perturbation Theory
Problem Il Resonances play an important role

Inclusion of the most dominant resonance A(1232)
as an explicit degree of freedom

Solution [l

Clecnal 4 pproactkes

ByPT HByPT

* EFT of Standard Model * Non-relativistic limit of xPT
* Relies upon chiral symmetry of QCD « Inclusion of 1/my expansion into power counting
» DOF are mesons and baryons instead of quarks «HB-TIN: ¢/my ~ q/Ay HB-NN: q/mx ~ (q/Ap)°

» Breakdown scale of theory: A\, « Original motivation: calculations beyond tree-level




Formal Aspects
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Loop Graphs
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Loop Graphs
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Meson Sector Axial-coupling constant

M? = M2 + MW
Ze=1467W

Q------

F=F,+6FY — — ——
Nucleon Self Energy ' , , ,
PN A— O ‘,\') /': N N /6 6\ ’
m = my + 6m® +om® 4+ sm¥ 9 =9ga+09" + 09"
i E ngNFw
Zy =1+ 521(5’) + 521((,1) : EG(Q& - = ga — 2M7dis + O(Q°)
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Meson Sector HB approach
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Fits to Experimental Data



. L) =1z (B +m) (41(9)+ (V5 = ma) B ()
+(E = my) (- AfL(s) + (Vs + mn) Bl ) )
X (s) = /_11 dz X' (s, 1) P(2) X € {A B}
"""""""" T — @) (g + 2 S-q x ghE) u® '
e i i (s) = EI(; ”;g 11dz (9" Pi(2) + @h' (Pie(z) — 2P(2)))
Isospin basis XI=12 = xt pox—, X992 =Xt - X~
Unitarization

prescription 5lI:I:(S) = arctan(|g|Re flI:I:(S))
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unitarization



Tromborg Coulomb

unitarization , :
EM corrections amplitude
Electromagnetic corrections to 7 N scattering &Gﬂi
O
B. Tromborg qi?*s
The Niels Bohr Institute, Copenhagen, Denmark W @5\
Q ?&6

o

Institute of Physics, University of Trondheim, NLHT, Trondheim, Norway
(Received 27 October 1976)

Numerical results are presented for the electromagnetic corrections to the S- and P-wave phase shifts and

inelasticities in 7 p and 7 p scattering. A discussion is given of how to apply the corrections in practical data
analysis.

S. Waldenstr¢m and I. Qverbg
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Theoretical Error

convergence behavior 50" — max(0{"1Q" {0 - OP|Q" 7)) j<k<nii Q="
: o b
actual higher order st > pax((j0® — 0W)|}) n<j<kiiA, = 600MeV:
contributions ' X :

Epelbaum et al. - Eur. Phys. J. A 51 (2015)
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Good description of tN-niN data up to 100 MeV
» agreement with RS S- and P-waves
e disagreement with some GW D- and F-waves
» almost no differences between the counting schemes
e ¥%/dof increases for energies above 100 MeV
e deviations from plateau-like behavior for LECs above 100 MeV

Theoretical error underestimated for T+>100 MeV
* \p <600 MeV
* A(1232) is not included explicitly




Including A(1232)
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Effective Lagrangian

----------------------------
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A Tree Graphs




Effective Lagrangian
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A Tree Graphs
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Effective Lagrangian
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f M, A
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Effective Lagrangian
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Effective Lagrangian

Log=LD + W40 422 4B 4 o
+ LA + L3R + 5(4)
+ LA+ Loa T Loda + Lija

A Tree Graphs
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Effective Lagrangian

Lo = £<2> + £<4> + L+ LR+ L5+ L

----------------------------
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Effective Lagrangian

Lo = £<2> + £<4> + L+ LR+ L5+ L

----------------------------
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Effective Lagrangian

Log=LD + W40 422 4B 4 o
+ LA + L3R + 5(4)
+ LA+ Loa T Loda + Lija

A Tree Graphs
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HB approach
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T, < {100, 125,150, 175,200} MeV = {1704, 1854, 2176, 2399, 2564} data points
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c 0.39(13) 0.51(10)® 1.66(13) ® 1.61(10)® 0.52(7)  0.86(5)
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cy 2.47(10)  2.29(5)| 2.56(10)  2.43(6)  2.31(7)  2.28(4)
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e16 2.55(48)  2.70(28) @-1.23(56) ®-0.65(37)] 1.40(18)  0.88(9)
er7 | -0.63(23) -0.53(20) -0.59(21) -0.71(19)| -0.96(15) -0.87(14)
e1s | -0.82(43) -0.11(15) -0.36(42) 0.30(21)| 0.82(18) 1.03(10)
7 -2.41(20) -2.52(19)] -2.55(19) -2.60(17) -2.35(21) -2.32(20)
by -1.33(34) -1.45(29) -1.44(31) -1.56(28) 1.07(43) 1.55(28)
bs -1.24(37) -1.39(32)] -1.31(35) -1.39(32) 0.81(65) 1.35(32)
X2y /dof 1.73 1.73 1.80 1.80) 1.78 1.80
X2 5/ dof 1.91 1.92 1.92 1.92 1.91 1.93
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Good description of tN-niN data up to 170 MeV
» agreement with exp. scattering data
» agreement with RS S- and P-waves
e problems with some GW D- and F-waves
» almost no differences between the counting schemes
» x?/dof stays constant for energies above 100 MeV
e limited by applicability of K-matrix unitarization
e correlations between LECs

Extensions
 Complex mass approach
» consistent combined fits of tIN—-niIN and tN-ntntN exp. data

e Q4

084




Subthreshold Parameters



Hoferichter, Ruiz de Elvira, Kubis,
MeiBner - Phys.Rev.Lett. 115 (2015)



diy [M7] —1.36(3)
dfy [M7%]  1.16(2)
dg, [Mz°]  1.16(2)
dyo [M°]  0.196(3)
df; [M;°] 0.185(3)
df, [M°] 0.0336(6)
boo [M°] —3.45(7)

Hoferichter, Ruiz de Elvira, Kubis,
MeiBner - Phys.Rev.Lett. 115 (2015)

7'(0,6) = alp)]{

DEu = (1) S ke

BE(v,t

v

mn

D'(v,t) — MBI(V, t) pu(p

n,m=0

n,m=0

ha=1.40+£0.05

0
T Z b,innumnt”

91:b4:b520:|:3

NSLO Q4 64 Q4 54 Q4 84
c1 1.11(3)  -1.11(3)]  -1.11(3)  -1.11(3) -1.12(3) -1.10(3)
¢ 3.61(4) 1.41(38)  3.17(3) 1.28(20) 3.35(3) 1.16(20)
c3 5.60(6) -1.88(45)  -5.67(6) -2.04(39)| -5.70(6) -2.10(39)
Ca 4.26(4)  2.03(28)  4.35(4)  2.07(29)| 3.97(3) 1.91(27)
di4o 6.37(9) 1.78(31)  7.66(9)  2.90(30) 4.70(7) 1.78(24)
ds -9.18(9)  -3.64(36)| -10.77(10) -5.91(50)| -5.26(5) -3.25(14)
ds 0.87(5)  1.52(7)|  0.59(5)  1.03(7) 0.31(5)  0.66(6)
dis_15 -12.56(12) -4.38(54)| -13.44(12) -5.17(55)| -8.84(10) -3.41(41)
€14 1.16(4)  1.64(10)|  0.85(4) 1.12(16) 1.17(4) 1.28(11)
e1s 2.26(6) -4.95(15)  -0.83(6) -3.30(25) -2.58(7) -3.07(13)
€16 -0.29(3)  4.21(16) -2.75(3)  1.92(43) -1.77(3) 1.71(17)
e17 0.17(6)  -0.44(6)  0.03(6)  -0.39(7) -0.45(6) -0.51(7)
e1s -3.47(5)  1.34(29)]  -4.48(5)  0.67(31)| -1.68(5) 1.30(17)
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Hellmann-Feynman ooy = M2
theorem oM
OWN[MGV]
QQ 82
7.8 £ 1.9 3.7 £ 1.9
QS 83
83 £+ 1.9 60.7 + 3.3
Q4 84
64.9 — 0.881 + 2.0(63.9 — 0.861 + 2.1

OrN — (59.1 T 3.5) MeV










LECs| 1/my d(J)ro diro dSLl d;o dil_l d(J)rz b(J)ro doo dig do1 boo| 010] Do1

HB Q4 -0.48] -0.67| 0.70| 1.30| 0.80| 0.052| -1.44| 0.71| 0.77| -0.06| 6.67| 6.29| 0.47

Cov

Cov All | -1.22 0.75] 0.97| 0.54| 0.43| -0.004| -6.05| 1.40| -0.21| -0.25| 8.03| 4.13| 0.38
RS -1.36| 1.16] 1.16] 0.20] 0.18]| 0.034| -3.45| 1.41| -0.16| -0.14| 10.49| 1.00| 0.21




LECs| 1/mn| dgy| diy| dgi| day| dif dia|  boo| dool din| doi|  boo| blo| boy
HB Q4 -0.481 -0.67| 0.70] 1.30| 0.80| 0.052| -1.44| 0.71| 0.77! -0.06| ©6.67| 6.29| 0.47
Q4 -1.19| 0.69| 0.95| 0.66| 0.51| 0.003!| -1.85] 0.92| 0.50| -0.04| 6.50| 5.62| 0.53

Cov
Cov All | -1.22] 0.75]| 0.97| 0.54] 0.43| -0.004| -6.05| 1.40| -0.21| -0.25| 8.03| 4.13| 0.38
RS -1.36| 1.16| 1.16| 0.20| 0.18| 0.034| -3.45| 1.41| -0.16| -0.14| 10.49| 1.00| 0.21




LECs| 1/my| dgy| dip| dgy| dag| diy diy|  boo| doo| dio| do|  bool b0l by
HB Q* | -0.48| -0.67| 0.70| 1.30| 0.80| 0.052| -1.44| 0.71| 0.77| -0.06| 6.67| 6.29| 0.47
Q* | -1.19| 0.69] 0.95| 0.66| 0.51| 0.003| -1.85| 0.92| 0.50| -0.04| 6.50| 5.62| 0.53

Clov Q° | -1.22| 0.73| 0.98| 0.52| 0.38] -0.004| -5.05| 1.24| 0.21| -0.17| 8.49| 3.30| 0.29
Q° | -1.21] 0.72| 0.97| 0.59| 0.42| -0.005| -6.24| 1.43| -0.33| -0.27| 8.06| 3.91| 0.36

Q7 | -1.22| 0.75] 0.97| 0.53| 0.43| -0.004| -5.96| 1.38| -0.19| -0.25| 8.00| 4.23| 0.39

Cov | All | -1.22] 0.75] 0.97| 0.54| 0.43| -0.004| -6.05| 1.40| -0.21| -0.25| 8.03| 4.13| 0.38
RS -1.36| 1.16| 1.16] 0.20| 0.18| 0.034| -3.45| 1.41| -0.16| -0.14| 10.49| 1.00| 0.21

odd powers 1n My

enhanced by
T

arctan(M, /mn)

even powers 1n My

enhanced by
In(Mz/my)




