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Importance of D-waves

Working to energies approaching A(1232)
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Has been studied using xPT since

the early 90s.

Requires the inclusion of pion loops
for an adequate description.
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Has been studied using xPT since

the early 90s.

Requires the inclusion of pion loops
for an adequate description.

More physics required to go beyond
the threshold region.
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Has been studied using xPT since

the early 90s.

Requires the inclusion of pion loops
for an adequate description.

More physics required to go beyond
the threshold region.

More accurate studies
can be performed thanks
to data from MAMI.
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y+p - mp

Has been studied using xPT since
the early 90s.

Requires the inclusion of pion loops
for an adequate description.

More physics required to go beyond
the threshold region.

The University
of Manchester

More accurate studies
can be performed thanks
to data from MAMI.
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|| 4th order heavy .= - : _,
| baryon description. & L T A WA —
Calculated for S and : | '

P-waves, up to L=1.
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| baryon description. & L T A WA —
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P-waves, up to L=1.
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P-waves, up to L=1.
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VALY »" | Hybrid calculations. S5 e R
4th order heavy 3rd order covariant theory.

*' baryon description. . - ’ | t
Calculated for S and o truncation of angular momentum.

P-waves, up to L=1.
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4th order heavy 3rd order covariant theory.
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Calculated for S and o truncation of angular momentum.

P-waves, up to L=1.
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4th order heavy | 3rd order covariant theory.
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i Hybrid calculations.

4th order heavy | 3rd order covariant theory.

: baryon description. I y f I t
Calculated for S and o truncation of angular momentum.

P-waves, up to L=1. Can extract D-waves and beyond.

~ Bernard et al, (1996) Z. Phys; —— Bernard et al, (1992) Nucl. Phys. B;
1 (2001) Eur. Phys. J. (1994) Phys. Rep.

4th order LECs used:

3 A2
En+ = eaqw” + eaiw My We extract the

ega|ky|w? ~ | relativistic D-waves to
7&1 construct a hybrid
MmN (’4_’fTF v) = theory.

We expect D-waves to
be supressed in the
HB description.

ct
Pl

Lloyd W. Cawthorne, The University of Manchester _ 29th of June 2015




MANCHESTER

o Impact of the A(1232) in y+p - r'p in xPT.

P | Details of Observables T T

— ".._L g
& —b : B ; ?ﬁ- L _E‘ :
IR T D _L'Q_———_ L —_ S - T B ——
] I L
L : = ) -
1 1 1 i 4 - 1 7
L i S S . s — e — e
1 I
.I ] L.
- -Lﬂ- b "g.-.
L ; Eilll | -, Ty L ¥ L] L PR o
y I.-k_'. - ~ 1
i = 7 - i
e — — T — ———— L I PR e — B — ——— L

:-. - . & 5
b L L T
. . ———— e — B e . e — s — e
gl L = L L T
i _\n.ll T L b | 1
. e - — L — — . e 1 —
N : - — = — =
L [
3 I'a- - - I:' -
F i - r r [
—— 7 o B
— — N = e e — . By : o s

Lloyd W. Cawthorne, The University of Manchester

Chiral Dynamics 2015 29th of June 2015




MANCHESTER

1824

igy| do

‘ k‘; dg?'r_tm

— A+ Bceosf + Ccos® + ...

7 L 7T -
T L -
L LLP_ { 1 _ L - Ly
; _ e /_ -Ilh__ I _ s _—_:5.— —'h-—l — T—— _ — I - S __ _——_-\‘——
"F' "-‘.‘ 2 I.\'_ ‘_I-F' - |"_-|
[ L Y
e — - - — I Pl e — iy e — PR i
- . K g
._k' . T - R s L-,:_ o
"'\. L
e BT T _ e SR B e _
I_n' 9 __'L. :I L L 1 1
f;l,“ [ L L q L
— — - = — —_— - = —
— 1, .
—_ I'b‘-- «_ o . '-'-'—._
5 " - . A ) . = r y ‘ - S
L . — N Ei .-——_ _ e e p — ¢ -

29th of June 2015

Iuyd W. Cawthorne, The University of Manchester |

Chiral Dynamics 2015




MANCI Ill:‘;.HER Impact of the A(1232) in y+p = m p in xPT. 5
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Details of Observables

Increasing energy

allows access to

more multipoles,
changing the shape.
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Details of Observables

Increasing energy

allows access to

more multipoles,
changing the shape.
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Effects of D-waves (and higher)

The effects of D-waves (and beyond) are small.
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It is possible to describe neutral pion photoproduction —>——
from threshold to energies approaching the A(1232)
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It is possible to describe neutral pion photoproduction —~==
from threshold to energies approaching the A(1232)
resonance.

D-waves (and higher) do not appear to have a N

significant effect.
More data on more observables could change this.
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It is possible to describe neutral pion photoproduction —a—
from threshold to energies approaching the A(1232)
resonance.

D-waves (and higher) do not appear to have a N
significant effect.
More data on more observables could change this.

Vertex corrections to yYNA coupling constants show PR
good agreement with MAID at high energies.
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It is possible to describe neutral pion photoproduction —a—
from threshold to energies approaching the A(1232)
resonance.

D-waves (and higher) do not appear to have a _HF_%__
significant effect.

More data on more observables could change this.

Vertex corrections to yYNA coupling constants show PR
good agreement with MAID at high energies.

~ Extend 4th order heavy baryon calculations to all states
- of angular momentum. :

Test theories against data at even higher energies.
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resonance.

D-waves (and higher) do not appear to have a &
significant effect.

More data on more observables could change this.

Vertex corrections to YNA coupling constants show e
good agreement with MAID at high energies.

- Extend 4th order heavy baryon calculations to all states
- of angular momentum. *

Test theories against data at even higher energies.
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MANCHESIER § Impact of the A(1232) in y+p - mp in xPT.

Importance of D-waves

Working to energies approaching A(1232)
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y+p - mp

Has been studied using xPT since
the early 90s.

Requires the inclusion of pion loops
for an adequate description.

More physics required to go beyond
the threshold region.

The University
of Manchester

More accurate studies
can be performed thanks
to data from MAMI.

. h 160 170 180 190
Hornidge et al (2013) PRL E,-r-(ﬂ-fel-"r)
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i Hybrid calculations.

4th order heavy | 3rd order covariant theory.

: baryon description. I y f I t
Calculated for S and o truncation of angular momentum.

P-waves, up to L=1. Can extract D-waves and beyond.

~ Bernard et al, (1996) Z. Phys; —— Bernard et al, (1992) Nucl. Phys. B;
1 (2001) Eur. Phys. J. (1994) Phys. Rep.

4th order LECs used:

3 A2
En+ = eaqw” + eaiw My We extract the

ega|ky|w? ~ | relativistic D-waves to
7&1 construct a hybrid
MmN (’4_’fTF v) = theory.

We expect D-waves to
be supressed in the
HB description.

ct
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Details of Observables

Increasing energy

allows access to

more multipoles,
changing the shape.

5| do

= A+ Bcos@ + Ccos?6 + ...

The Universit
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Looking at the data from MAMI:

I
l"”l I“'l
|
2.0

)

~dot —doll kx| sin® 6
dot +dol  2|q,]

Chiral Dynamics 2015 Lloyd W. Cawthorne, The University of Manchester 29th of June 2015



MANCHESTER § Impact of the A(1232) in y+p - mp in xPT.

How important are D-waves? L LY
(and higher? - -

]qﬂﬂr| do
|Eﬂ| d(2 cImn

=To(W) + Th(W)P1(0) + To(W)P2(0) + T3(W)P3(0) + ...

- D-wave amplitudes
To=SxS+PxP+DxD+.. are small.

To=SxD+PxP+DxD+PxF.. D-waves might not be.

I3 =PxD+.. Ty=DxD+ .. Fernandez-Ramirez, et al.
(2009) Phys. Rev. C.

29th of June 2015
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Effects of D-waves (and higher)

The effects of D-waves (and beyond) are small.

The Universit
of Manchest

S&P-waves e
S,P&D*-waves

All waves**

With A ==

*Rel. D-waves
160 170 180 190 ) **11 loops upto

E.,(MeV) D-waves

The small effect of L=2 states (and above) are dwarfed by the A.
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;__ 2,/ Working to higher energies e

a‘ One can include 1t loop d|agrams containing a A propogator.

- —

Close to threshold W ~ M ~ 140M eV JBIEIE ASB 700]\[cV

VESe ==l Ay = ma —my =~ 290MeV

scales:

scales as

Pascalutsa et al (2006) Phys Rev D
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MANCHESTER § Impact of the A(1232) in y+p - mp in xPT.

~ Two energy regimes & e

Propagator:

SA (W~Ay) X —m8m ————

Ly M - X

: ’ AU + 2Im> A — w 3
scales as: 1)

scales as:

Pascalutsa, et al. (2006) Phys. Rev. D
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MANCHESTER § Impact of the A(1232) in y+p - n'p in xPT.
® yNA vertex corrections e

w~ M, eP§ '—ed
uJ ~ Ay P35 S—> e
Lluyd W. Cawthorne, The Unwermty of Manchester




MANCHESTER § Impact of the A(1232) in y+p - mp in yPT. 1]

|52

20

Effects of YNA vertex corrections

The corrections are implemented by scaling the coupling constants with energy

The Universit
of Manchest

2.5

=15

1.0 j

Qs_d—_-.ll 'lh-“...-

0.0 —
1100 1150 1200 1250 1300 McGovern, v 250 1300

W (MeV) et al. (2013)
Eur. Phys. J.

They restore Watson's theorem.

MAID: = ==
A: mmm

A+Tree: mmm

A+Tree +V.C.:

1180 1200 1220 1240 1260 1280
W (MeV) (2006) Phys. Rev. D W(MeV)

1180 1200 1220 1240 1260 1280

Pascalutsa, et al.

n 0 e

Chiral Dynamics 201588 | |oyd W. Cawthorne, The University of Manchester " | 29th of June 2015



MANCHESTER § Impact of the A(1232) in y+p - mpin xPT.

824

Ity
er

The Universit
of Manchest

Results from corrections

E,=206 MeV *

*Fix LECs at
206 MeV.

160 180 200 220 240 260 280 300 | l E,=206 MoV
E,(MeV)

12

110 ST
st A1 b

16

G A n A
=10 -05 0.0 0.5 = 1. - 05 0.0 . - 1. - 0.5 0.0 0.5
- 0.3 co%% 0.5 cos cos i cos

p iy
EI by ||’![|Ilill

We are overestimating the data. Can we do better?
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MANCHESTER f§ Impact of the A(1232) in y+p - mp in xPT.

ty
er

Varying gy

E, =206 MeV *

The Universi
of Manchest

4th order H.B.

E, =206 MeV

*Fix LECs at
206 MeV. o
gM=2.9? - . 02t

. , , . \ . s . gM=2-B Hloaf
160 180 200 220 240 260 280 300 oob
E’Y [M'e V)

i1
il Py,
] 1 !
E, =225 MeV 5 E, =215 MeV _ E, =302 MeV

0
-10 -05 0.0 ; - 1. - 0.5 0.0
cos i cos
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MANCHESTER f§ Impact of the A(1232) in y+p - mp in xPT.

ty
er

Varying gy

E, =206 MeV *

The Universi
of Manchest

4th order H.B.

*Fix LECs at
206 MeV. 03
gM=2.9? - - 0.2

0 ks \ \ . . . . . Im= 26  — o
160 180 200 220 240 260 280 300 0.0
E%[ﬁJEVj

11
iR piiibpy ~
i ! l't ] I1|I|}E||‘

| E, =225 MeV E, =250 MeV E, =275 MeV 1 E, =302 MeV

10 -05 00 0.5 =10 -05 0.0 0.5 =10 -05 00 0.5
cos fl cos ! cos f/
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MANCHESTER f§ Impact of the A(1232) in y+p - mp in xPT.

ty
er

Varying gy

E, =206 MeV *

The Universi
of Manchest

4th order H.B.

| E, =206 MeV

*Fix LECs at
206 MeV. oaf
gM=2.9? [ ] 02t
Hoat

00boe j
160 180 200 220 240 260 280 300 Im=2.4
E,(MeV)

b |E, =225 MeV

- 1.0 -035 0.0 0.5
cos f
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MANCHESTER f§ Impact of the A(1232) in y+p - mp in xPT.

ty
er

Varying gy

E, =206 MeV *

The Universi
of Manchest

4th order H.B.

E, =206 McV

*Fix LECs at
206 MeV. b
gM=2.97 - - 02t
ot

0.0
_ﬂ_l-.

160 180 200 220 240 260 280 300 Iq=2.2 =
E,(MeV)

1 20 - -
I[ll“l[

115 4

1 10

(£, =225 Mev E, =250 MeV 5 E, =275 MeV

10 -05 00 05 S10 -05 00 05 10 -05 00
cos ¢ cos ¢ cos f/
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MANCHESIER § Impact of the A(1232) in y+p - m'p in xPT.

ty
er

Varying gy

E, =206 MeV *

The Universi
of Manchest

4th order H.B.

*Fix LECs at
206 MeV.

gu=2.97 m =

160 180 200

220 240 260 280 300
E,(MeV)

E, =206 MeV

| E, =225 MeV

E, =275 MeV

- 10 -05 0.0
cos f

Chiral Dynamics 2015

IJ:S - 1 - 0. d b - 10 -05 0.0
cos i

Are we free to vary gy SO0 much?

Lloyd W. Cawthorne, The University of Manchester

29th of June 2015
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Yy
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Sanity check

9M=2-97 4th order H.B. A; === A4 y.C ssm  MA|D: = =
FEiy My, M, _
W = 1125MeV W = 1125MeV W = 1125MeV

T

L P 3
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W(MeV) _ W(MeV) W (MeV)
*Fix LECs at 1125 MeV.
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ty
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Sanity check

OM=2.8 4thorder HB. A: wemm A4 y.C ww=m  MAID; ==
By M. M, _
W = 1125MeV W = 1125 MeV W = 11256 MeV
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Yy
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Sanity check

gm=2.6 4thorder HB. A: wesm A4 y.C ws=m MAID; = =
By M. M, _
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Sanity check

gm=2.4 4thorder HB. A: wemm A4 y.C wsmm MAID; ==
By M. M, _
W = 1125MeV W = 1125 MeV W = 11256 MeV
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Sanity check
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Sanity check

gm=2.0 4thorder HB. A: wmmm A4 y.C wwmm MAID; = =
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MANCHESTER § Impact of the A(1232) in y+p - n'p in xPT.
D Summary [

It is possible to describe neutral pion photoproduction 3‘&——:%
from threshold to energies approaching the A(1232)
resonance.

3 D-waves (and higher) do not appear to have a N
» significant impact once the Delta is included.
More data on more observables could change this.

Vertex corrections to yNA coupling constants show o
good agreement with data at high energies..

| Extend 4th order heavy baryon calculations to all states
L . of angular momentum. *

Test theories against data at even higher energies.
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the data and the STFC for funding this work.
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