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Low-lying resonances in chiral EFfT

The chiral PT with pion and nucleon fields is
limited by a lowest-lying resonance:
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Low-lying resonances in chiral EFfT

The chiral PT with pion and nucleon fields is
limited by a lowest-lying resonance:

@ Meson sector: rho-meson

excitation energy ~ m, — m, ~ 640MeV
@ Baryon sector: Delta-isobar

excitation energy =~ Ma — My >~ 300 MeV
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How to have a resonance in EfT?
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How to have a resonance in EfT?

@ PT: explicit field (d.o.f.) with M>2m
(for, M > m;)and g # O

e.g., muon, tau, W-, Z-bosons

@ Non-PT: quasibound state from a
Dyson-Schwinger, Bethe-Salpeter egs

e.g., positronium
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Effective Lagrangians with A(1232) (1=3/2, JP=3/2*)

field: iso-quartet Rarita-Schwinger field ' = (A, A+ A0 A7)

Lagrangian:
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Effective Lagrangians with A(1232) (I=3/2, JP=3/2*)

field: iso-quartet Rarita-Schwinger field ' = (A, A+ A0 A7)

Lagrangian: L(A” = Eu (P Oy — Y MA ) 9,
where MV = 5 (yHy"y® — 4%y k), Y = (YT =AYy,
The kinetic term is invariant under the gauge transformation:

Yu(z) = Yu(z) + Oue(z)

leading to 2 spin d.o.f. for massless theory. The mass term breaks
the symmetry to raise the # of spin d.o.f. to 2s +1 = 4.
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Effective Lagrangians with A(1232) (1=3/2, JP=3/2*)

field: iso-quartet Rarita-Schwinger field ' = (A, A+ A0 A7)

Lagrangian: L3 = § (i7" 8 — M Ma )W,

where y#% = J (749%™ — %y ), 4 = F(YHYY — ).
The kinetic term is invariant under the gauge transformation: The couplings are also
Yu(z) = u(x) + 0ue(z) required to be gauge
symmetric, to ensure
decoupling of the

spin-1/2 components -
higher-spin constraints.

leading to 2 spin d.o.f. for massless theory. The mass term breaks
the symmetry to raise the # of spin d.o.f. to 2s +1 = 4.
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Effective Lagrangians with A(1232) (I=3/2, JP=3/2*)

field: iso-quartet Rarita-Schwinger field ' = (A, A+ A0 A7)

Lagrangian: L) = B (14" 8, — M Ma )b,
where y#% = J (749%™ — %y ), 4 = F(YHYY — ).
The kinetic term is invariant under the gauge transformation: The couplings are also

Yu(z) = Yu(x) + 9,e(z) required to be gauge

symmetric, to ensure
leading to 2 spin d.o.f. for massless theory. The mass term breaks

the symmetry to raise the # of spin d.o.f. to 2s +1 = 4. de.couplmg of the
f spin-1/2 components -

2
. —tr(a“UauUT 4+ ZBO(UMT + MUT)) higher-spin constraints.
4 Y

N (i) — My + 9 + gad ) N,

ha [iN T, ~+* (0,AL) tr(ayt®) + H.c.}

Spin-3/2 aspects:
(vV.P., PRD (1998), PLB (2001); V.P. & Timmermans, PRC (1999); Deser, V.P. & Waldron PRD (2000);
Lenske & Shklyar (2009); Krebs, Epelbaum & Meissner (2009)]
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1. Power counting for Delta propagators
and

Compton scattering,

pion-nucleon scattering,
pion photo- and electro-production
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Chiral Lagrangians with A and power counting

How to count
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Chiral Lagrangians with A and power counting

How to count

[Jenkins & Manohar (1991), Hemmert, Kambor & Holstein (1998) .. (2006))]

p~me ~ A << Asp N and A propagators:

B m; A ) SN ~ % =O0(e 1)

o (AxSB7 1\xSB7 AxSB
SA ~ ﬁ = O(e_l)

“e-expansion”
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Chiral Lagrangians with A and power counting

How to count

[Jenkins & Manohar (1991), Hemmert, Kambor & Holstein (1998) .. (2006))]

p~me ~ A << Asp N and A propagators:

B m; A ) SN ~ % =O0(e 1)

o (AxSB7 1\xSB7 AxSB
SA ~ ﬁ = O(e_l)

“e-expansion”
[ v.P. & Phillips, PRC (2003))

M RN << A,
5:A My _ §2

AX, AX
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Chiral Lagrangians with A and power counting

How to count

[Jenkins & Manohar (1991), Hemmert, Kambor & Holstein (1998) .. (2006))]

p~me ~ A << Asp N and A propagators:

B m; A ) SN ~ % =O0(e 1)

o (AxSB7 1\xSB7 AxSB
SA ~ ﬁ = O(e_l)

“e-expansion”

1% N

1 N << A, Sa~1/A=0(1/9)

I . 52 P~ A, Se~1/p=0(1/9)
0 B A 0 N

Sa ~1/(p-A-Z)= O(1/&)
— e+ ... = 0@ = O®)
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Total cross-section for Compton scattering at

— y(p.P)Y
- - - y(n,n)y

300 350 400
O [MeV]
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. _1
Renormalized S,5(p) = . _ po([3/2)(p).
VLo propasator PP = GG Ma) =it (Ma)| i ImE (M)
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S , N ,
N ’ AN 7
N , N ,
/‘CIOID/\ /\o:o:-'\

. =
Renormalized S.5(p) = . _ p(3/2)(p).
VLo propasator PP = GG Ma) =it (Ma)| i ImE (M)

K-matrix in the resonant channel:

ImZ(MA)

ImXY' (M
b (Ma),

Kpss =

W = /5.

Partial-wave S-matrix:

s e

phase-shift:

0; = arctan K
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Pion-nucleon scattering in the resonance region

(NLO)

: -1
Renormalized S,5(p) = _ _ pld/2) D).
V10 propagator  ~* P = G MaL = itws (M) —imB(Ma) 6

M =1232MeV,1" = 115 MeV

-
-

K-matrix in the resonant channel: o

Im X (Ma)

ImXY' (M
b (Ma),

Kpss =

W = /s.
Partial-wave S-matrix:

S, = —
K ’

phase-shift:

1.17 1.1%9 1.21 1.2321.25 1.27 1.29

0; = arctan K .

Data: SAID
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Pion Electroproduction (e N -> e N m ) in A(1232) region

[V.P. & Vanderhaeghen, PRL 95 (2005); PRD 73 (2006)]

Calculation to NLO in the 0 expansion:

4 free parameters — LECs corresponding
to Gy, Gg, G at Q?=0, and G,, radius
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magnetic (M1) & electric (E2) N = A transition
resonant multipoles

2 free parameters at NLO
G = 0.07 E2/M1 = -2.4 %)
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ep->epTr in A(1232) region: observables

W =1.232 GeV , Q?>=0.127 GeV?

oun
=
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cos @n

data points :

MIT-Bates
(Sparveris et al., 2005)

theory error bands
due to NNLO
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do/dQ (pblsr)

ep->enTr in A(1232) region: observables

W =1.232 GeV , Q?>=0.127 GeV?

MIT-Bates
-—-owr_ (Kirkpatrick et al, 2008)

Sato Lee

o (ublsr)

NLO ChEFT (4 LECs)

0, (ublsr)

theory error bands
due to NNLO
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2. NNLO Compton scattering and nucleon
polarizabiltites:
BChPT vs. HBChPT
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Power couniting in BChPT (Nucleon mass)

Leading order pion-nucleon interaction:
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Power couniting in BChPT (Nucleon mass)

Leading order pion-nucleon interaction:

Power counting index: n=>rkVi.+4L — 2N; — Ny

tells us that a graph is of O(p")

WV, =2, L=1,N:=1 Ny=1

v O(p1-2+4—2-1—1) — O(p3)

LO nucleon self-energy =
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Power couniting in BChPT (Nucleon mass)

Leading order pion-nucleon interaction:

gA \ 7 a a
—— EN’Y'M’}ﬁT N(&Mﬂ_ )

Power counting index: n=>rkVi.+4L — 2N; — Ny

tells us that a graph is of O(p")

WV, =2, L=1,N:=1 Ny=1

v O(p1-2+4—2-1—1) — O(p3)

LO nucleon self-energy =

2
MN:M]@>+Clm3T+(4%) lag + a1 m2 + xm3 + .. ]

% Oz /M)

[(Gasser, Sainio, Svarc (1988); Jenkins & Manonar (1991);
Becher & Leutwyler (1999);

Gegelia & Japaridze (1999); Gegelia, Scherer et al. (2003)];
VP & Vanderhaeghen (2006)) 14

LECs
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Analyticity in energy vs. the quark mass

LO nucleon self-energy = ___ ¢ P =nNG)(s,m2) = 0(p°)

15
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Analyticity in energy vs. the quark mass

LO nucleon self-energy = ___ ¢ o =NG)(s,m2) = Ow?) @
Dispersion in energy: / \\
1 n(s’, m?2 ! |
I_I(s,m%) = — dS/M r’ — ;
27 s/ —s \ - i
(n) / 2 _ 2 n—1 \\\ //
I_I(n)(s m2) = l/oo 5 ImN\ (s, mz) [s— M \ Y.
T ™ JM? s’ —s s’ — M? . /
15
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Analyticity in energy vs. the quark mass

LO nucleon self-energy

Dispersion in energy:

1
rl(S mw)—z—m d/

Mn(s’, m%)

sl —s

N (s,m2) =~ [~

M?2 S

2

Dispersion in t = mz ~ myq:

N(M2,t) =

1
- f dt
2711

S/ Im n(n) (S/a m72r)

"

s — M?
8/_M2

/ I_I(M27t,)

=N®(s,m?) =003

n—1 .
\
\
\
N
AN
N

A0 (72, ) = / I I‘I(_n)t(t/) <t/) ~1 .\

15
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Il
N
’

LO nucleon self-energy -

Dispersion in energy:

1 M / 2
N(s,m2) = — ¢ ds s, m7)

e sl —s

00 (n) (o 1?2 a2\l
ﬂ(")(smﬂ)_—/ ds/Imn (Samﬂ)(s M)

M?2 sl — s s — M?2

Dispersion in t = m2 ~ my:

5 IR cuts
|_|(M2,t) — ij{dtlw
21

nm 2, 1) == /d’Im ”(_”)t(t’) <t/) -1

Analyticity in energy vs. the quark mass

. ° = I—I(3)(s,m72T) = (
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O(p3) calculations of the nucleon magnetic moment

Proton magnetic moment
——— : ,

Neutron magnetic moment
Sy ' ' '

IR = Infrared regularization [Kubis & Meissner (2001)])
SR = 1st derivative of the GDH sum rule or BChPT (Holstein, VP, Vanderhaeghen PLB (2005)]:
py = (1+ kop + £ (e/2M)
M2 Td
,%Soop) _ @ %AUg,)

Wth

_ 9 ) o p -t 43
(4m)2 1—ip

1
= arccos —

> —6p* +20° (—5 +347) hw}

2
g 217
(1n)? {1 —2mp —2(2+5Inp) p? + =y +O(u4)}

1 po=mg/My

16
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Compton scattering to NNLO (v.Lensky & VP, JETP Lett. (2009),

arXiv:0907.0451])
A N A N A ol
R N —
(1) (2) (3) (4)
//-\\ ,\/\//\}‘\\ J)_'j ”‘\\ 5: Lj r_J w ,///\
o *~—+ y—
(5) (6) (M) (14) (15) (16)
I G U e A e
‘ . ‘ . —
(8) (9) (10) (17) (18) (19)
— W P - JEE
%’ RN %/ \!\/\/\I\f i/ \‘ .,, \\\ ’\/\/\/r‘. \\1 I/
: (1'1) ) 213) (1=3) (20) (21) (22)

2

6(p?) | & =1L, My =938.3 MeV, he = 197 MeV- fm
O(p®) | ga=1.267, fr =924 MeV, m, = 139 MeV, m_o = 136 MeV, £k, = 1.79
O(pt/A)| Ma = 1232 MeV, hy = 2.85, gy = 2.97, g = —1.0

2
o@p') | ao,fo= iﬁ}s\l‘

17
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Scalar Polarizabilities

v

v J

BxPT (HBYPT) PDG

O(p°) |6(°) +0(p'/A)|O(p?) est.| [45]
aP)6.8 (12.2)|  10.8 (20.8) +0.7  ||12.0 +0.6
AP -1.8 (1.2)| 4.0 (14.7) +0.7 [|1.9+05

P=4raE

A= MA —MN ~ 300MeV

TABLE I: Predictions of baryon xPT for electric (a) and magnetic (/3) polarizabilities of the proton
in units of 10~* fm?, compared with the Particle Data Group summary of experimental values.

19
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Scalar Polarizabilities

E

v

-—
(4

BxPT (HBYPT) PDG

O(p°) |6(°) +0(p'/A)|O(p?) est.| [45]
aP)6.8 (12.2)|  10.8 (20.8) +0.7  ||12.0 +0.6
BP-18 (1.2)| 4.0 (14.7) +0.7 |[1.9+05

P=Adra E

A= Mpa — My =~ 300MeV

TABLE I: Predictions of baryon\yPT for electric (a) and magnetic (3) polarizabilities of the proton

in units of 10~* fm?®, compared with the Particle Data Group summary of experimental values.

BChPT O(p3) [Bernard, Kaiser & Meissner PRL (1991)]

— 87 5
E | P
<+ 6+
5 T S
E 4 :_ /i}/
i i _MacGibbon
2 = :
O E a3
3 “Federspiel
_2? P

6 8 10 12 14 16

a (100 4fm3)

BChPT - “predictive powers” [Lensky & VP, (2009)]

a9 —_ HBChPT ¢ (p?) - Deltaless [Beane et al (2005)]
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Scalar Polarizabilities

E

v

-—
(4

BxPT (HBYPT) PDG

O(p°) |6(°) +0(p'/A)|O(p?) est.| [45]
aP)6.8 (12.2)|  10.8 (20.8) +0.7  ||12.0 +0.6
BP-1.8 (1.2)| 4.0 (14.7) +0.7 |[1.9+05

P=Adra E

A= Mpa — My =~ 300MeV

TABLE I: Predictions of baryon xyPT\for electric (a) and magnetic (3) polarizabilities of the proton

in units of 10~* fm?®, compared with t

Particle Data Group summary of experimental values.

BChPT O(p3) [Bernard, Kaiser & Meissner PRL (1991)]

— 87 5
E | P
<+ 6+
5 T S
E 4 :_ /i}/
i i _MacGibbon
2 = :
O E a3
3 “Federspiel
_2? P

6 8 10 12 14 16

a (100 4fm3)

BChPT - “predictive powers” [Lensky & VP, (2009)]

a9 —_ HBChPT ¢ (p?) - Deltaless [Beane et al (2005)]
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Scalar Polarizabilities

E

v

-—

P=4dma E
BxPT (HBxPT) PDG
o) |0p°)+00'/A)|0F") est.| [45]
(»)
al?)6.8 (122) 10.8 (20.8) +0.7 ||12.0+£0.6 A= Ma — My ~ 300MeV
BP|-1.8 (1.2)] 4.0 (14.7) +0.7 | 1.9+05

TABLE I: Predictions of baryon xyPT\for electric (a) and magnetic (3) polarizabilities of the proton
in units of 10~* fm?®, compared with t

Particle Data Group summary of experimental values.

BChPT O(p3) [Bernard, Kaiser & Meissner PRL (1991)]

, MacGibbon

a9 —_ HBChPT ¢ (p?) - Deltaless [Beane et al (2005)]

~10 12 14 16
o (10 o)

\a—l-ﬁ: !

BChPT - “predictive powers” [Lensky & VP, (2009)]

600

(01/2 + 03/2)

o0
/
dv V/2

2
4 o,

[Baldin (1960)]

300

Total cross section( [1b )

vV (GeV)
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Chiral behavior: HBChPT vs BChPT
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Chiral behavior: HBChPT vs BChPT

:||".I \‘\I == BIxPr|0(p)| ]
ol —— ByPTOR" ]
- :\\' AR A HByPT O(p)) | 1
ki ~o == HBPTOG) |]
“z I5F\ el po=mg/My
‘.’2 E
— 10 _ e2g? 11 41+ 12Inp) 117
_ g n i 2
3 [ n = 1
- (@+5) (47)2 M3 48y < . fT s )
Sr 2 2
- - e‘g® 11 48(443lnp) 1521
C = 1 _ e
o (@+B)p (4m)2 M3 48y < 17 ST i
1 _
1 ] or, numerically,
15 7
] (@+B)n = 145-55-04+...=87
EOF e j; (@+f), = 145-52-55+...=53
vo - i
—— E/,,,._ - in units of 10~% fm3.
= e ]
l_ ............................... .
O —
LT T T T T T T T T T €93 63 98lmu 121, 5 3
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Conclusions
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Conclusions

w Inclusion of the Delta(1232) is a necessity in BChPT,
because of its small separation from the nucleon. For
exactly the same reason, it can be easily done.
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W Success in describing gross features of a variety of
processes: pi-N, pion electroproduction (pi+ n?), radiative
pion photoproduction, Compton sca’r’reringr. A useful
connection between experimental and lattice results.

21

Thursday, July 9, 2009



Conclusions

w Inclusion of the Delta(1232) is a necessity in BChPT,
because of its small separation from the nucleon. For
exactly the same reason, it can be easily done.

W Success in describing gross features of a variety of
processes: pi-N, pion electroproduction (pi+ n?), radiative
pion photoproduction, Compton sca’r’reringr. A useful
connection between experimental and lattice results.

w HBChPT vs. BChPT:

21

Thursday, July 9, 2009



Conclusions

w Inclusion of the Delta(1232) is a necessity in BChPT,
because of its small separation from the nucleon. For
exactly the same reason, it can be easily done.

W Success in describing gross features of a variety of
processes: pi-N, pion electroproduction (pi+ n?), radiative
pion photoproduction, Compton sca’r’reringr. A useful
connection between experimental and lattice results.

w HBChPT vs. BChPT:
Relativistic Quantum Field Theory works!

21

Thursday, July 9, 2009



Conclusions

w Inclusion of the Delta(1232) is a necessity in BChPT,
because of its small separation from the nucleon. For
exactly the same reason, it can be easily done.

W Success in describing gross features of a variety of
processes: pi-N, pion electroproduction (pi+ n?), radiative
pion photoproduction, Compton sca’r’rerin%. A useful
connection between experimental and lattice results.

W HBChPT vs. BChPT:
Relativistic Quantum Field Theory works!
(both from viewpoint of consistency and practice)

21

Thursday, July 9, 2009



Conclusions

w Inclusion of the Delta(1232) is a necessity in BChPT,
because of its small separation from the nucleon. For
exactly the same reason, it can be easily done.

W Success in describing gross features of a variety of
processes: pi-N, pion electroproduction (pi+ n?), radiative
pion photoproduction, Compton sca’r’rerin%. A useful
connection between experimental and lattice results.

W HBChPT vs. BChPT:
Relativistic Quantum Field Theory works!
(both from viewpoint of consistency and practice)

w BChPT (w/ Deltas) at NNLO for C,omﬁfon scgﬁering has a
uncertainty comparable to experiment and is consistent

with experimental cross-sections upto the threshold, but
not with the PDG value for magnetic polarizability.
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