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Single Pion Production

Single pion production (SPP):

e Electron or neutrino interacts with a nucleon in the nucleus and
creates a pion

e Mostly excitation to a resonance

Nuclear response

Energy transfer
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Why Pions?
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Ghent model for SPP
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Ghent model for SPP
Ghent model
for SPP

Low-energy model:

e Resonant part: s- and u-channel diagrams of P33(1232), P;1(1430),
D13(1520) and Si1(1535)
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Ghent Model for SPP
Ghent model
for SPP
Low-energy model:

e Resonant part: s- and u-channel diagrams of P33(1232), P;1(1430),
D13(1520) and 511(1535)

e Background part: lowest order terms in HNV-Lagrangian (Details:
Phys. Rev. D 76, 033005 (2007).)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.033005
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Ghent model for SPP

Ghent model
for SPP
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More details: Phys.Rev.D 95 (2017) 11, 113007


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.113007
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Ghent model
for SPP

Key goals of this work:

Unitarizing +
adjustments

e Focus on Delta region
e Add more physics to the model, as much as possible!

e Use as many physics constraints as possible to minimize the number of
parameters in the model
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Improvements

Ghent model Unitarizing +
for SPP adjustments

SCATTERING MATRIX

L\

INCOMING
+

PARTICLES
@O<— 0

e Scattering matrix S transforms incoming state |/) into final state |F).

OUTGOING
PARTICLES

e Scattering matrix S =1+ 2/T.

e Scattering amplitude Tyr = (F| T |/).
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Ghent model Unitarizing +
for SPP adjustments

Unitarity: probability of all possible transitions is 1 = SST = 1.
S =1+ 2iT and invariance under time reversal:

D {al Tis,

a

|a): all possible intermediate states with given invariant mass W.

F) {a| Tys,

I)eR (1)
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Improvements

Ghent model Unitarizing +
for SPP adjustments

> al Turs
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Energy below 2-pion production threshold: only oz = pion-nucleon state is
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Ghent model Unitarizing +
for SPP adjustments

Watson's theorem allows one to impose unitarity constraints by fixing the
phase of the pion production amplitude:

e Below 2-pion production threshold
e Initial state = yv/W*/Z + N

e Final states =7 + N
(N7| Ty |NT) (N7| Ty 150 |N,v/WF/Z) € R (3)

= More physics: phase of single pion-production amplitude = phase of
pion-nucleon scattering amplitude with same quantum numbers
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Multipole Decomposition
Ghent model Unitarizing + N Multipole
for SPP adjustments decomposition

Unitarity constraints for each amplitude with fixed angular momenta J, L, S
and isospin /

(Nm| Tyrs0|Nm)* (Nw| Ty1s.

N,y/W=/Z) e R (4)
Implementing these constraints requires:

e Expansion of scattering amplitudes (F| T |/) in multipoles
Eix, Mis, St

e Unitarize each multipole separately

For more details: A. Berends, A. Donnachie and D.L. Weaver, Nucl.Phys.B
4 (1967) 1-53
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Background and Resonances

Ghent model Unitarizing + N Multipole
for SPP adjustments decomposition

Background Resonances

Implementing unitarity constraints

(NT| Ty |NT)* (NT| Ty 50 |N,v/WE/Z) € R (5)

Split total scattering T-matrix: T = Tgg + TRes-
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Resonances

Resonances

e A-resonance (P33(1232))
e P11(1430), D13(1520) and S11(1535) (untouched in this work)
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Decay Width Delta

Resonances

/.

Decay width
Delta

Multipoles with contribution from Delta resonance: Tges > Tgg

Ape'®s
Tres = (F : / 6
es = |W2—/\//g+//\//ArA(W)|> (6)
Implementing unitarity constraints:
e Phase ¢a = 0 (less parameters)
e Decay width [p = M%\;AWZ tan(dxn(W)) with é,n from a fit to data
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Decay Width Delta
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Other Modifications Delta

Resonances
Decay width Other Delta
Delta modifications

Additional modifications:
e Rarita-Schwinger theory: spurious J = % contributions put to zero

e Form factors obtained from MAID fits ( Phys.Rev.D 107 (2023) 5,
053007)

2007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.053007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.053007

Results Resonances
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e Changing form factors: reduction of the height of the delta peak

e Changing decay width: peak decreases even further and small shift
toward higher energies
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Background

Background

Background contains:
e HNV-diagrams
e u-channel diagrams cross resonances (pole far away from SPP
energies)
e Extra meson diagrams
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Meson Exchange Diagrams

Background

N\

Meson
diagrams

Added p - and w -exchange diagrams:
e Widely used Lagrangian: Nucl. Phys. A 627, 645 (1997)
e Couplings and form factors from MAID model
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2 N
—— ——
N N’ N N’

Matthias Hooft 24 / 46


https://www.sciencedirect.com/science/article/pii/S037594749700612X

Unitarizing the Background

Background
K-matrix Meson
theory diagrams

Invariant mass below two-pion production threshold:

T T,
T=
TTE TTCTC
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Unitarizing the Background

Background
K-matrix Meson
theory diagrams

Invariant mass below two-pion production threshold:

y+N—=>~v+N

=l

y+N—->7+N

TETC 7T+N*>7T+N
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K-Matrix Theory

Background
K-matrix Meson
theory diagrams

Using Unitarity of S and time reversal invariance = define the K-matrix:

T =K+ iKT (7)

e Scattering K-matrix is real and symmetric

e Our background amplitudes = matrix elements of K-matrix

Matthias Hooft 27 / 46



K-Matrix Theory

Background
K-matrix Meson
theory diagrams

TWTVT:;-@ Kme+' K, KAIT, T,
TYTT TTCTC - KYTC K‘”c K'E YTE TCTC
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K-Matrix Theory

Background
K-matrix Meson
theory diagrams

Neglect the amplitudes proportional to square of EM coupling

X ol = KKY“—FL K. ”KT

T 1T |™ T T

Yt TTT TE
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K-Matrix Theory

Background
K-matrix Meson
theory diagrams

Combine these elements

?rg K%“‘b |gT K

YT T
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K-Matrix Theory

Background
K-matrix Meson
theory diagrams

TYTC= KY?I(.I + i/TT[ﬂ;)
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K-Matrix Theory

Background
K-matrix Meson
theory diagrams

OUR BACKGROUND
UNITARIZED Tgg AMPLITUDES

<U
FROM PION-NUCLEON
SCATTERING DATA
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Background Results

Q* = 0.225 (GeV/c)®

----- original model
== original BG

2.0,

== meson

(ub/GeV)

—
=)

&’o
dEjyd cos 0

551
.

—— meson + unitarity

¢  CLAS data

0.20]

0.10

0.05

----- original model

— =+ original BG
== meson
= meson + unitarity

t  CLAS data

1100 1200 1300 1400 1500
W (MeV)

1

00

11001200 T80 00 TR00 T
W (MeV)

e Adding meson diagrams = Global increase

e Unitarization has limited effect

00
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Ghent model
for SPP

Unitarizing +
adjustments

Multipole
decomposition
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Inclusive Cross Sections
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e Delta peak decreases — much better agreement with data

e High energy tail almost the same and drops too fast — 2-pion
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Exclusive Cross Sections e +p — e+ n+7"
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e Prediction for the Delta-peak improved significantly

e High energy tail predictions still need some work
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Exclusive Cross Sections e +p — e + p + 7°
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e For most angles: prediction for the Delta-peak improved significantly
e High energy tail tends to decrease too fast
e Second resonance region predictions are good
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Charged Current SPP:

Vector part of Charged Current SPP compared with DCC model
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e Vector part of CC SPP decreases everywhere

e Predictions in good agreement with the DCC model
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Conclusion and Outlook

Conclusion:
e Implemented Watson's theorem till 2-pion production threshold

e Improves Delta-peak region for both inclusive and exclusive results for
different pion production channels

e Vector part charged current SPP changes significantly
Work for the future:
Multipole decomposition of axial part (work in progress)

[

e Put model in the nucleus (work in progress)

e Produce results for neutrinos

e Push model to higher energies: bigger T-matrix and more resonances
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Thanks for Listening
Questions’?
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How to get multipoles

Projecting on states with fixed angular momentum J:
Ol T/ = [ d0 @ el TIN) D, (R6), (8)

where:
° <)‘F| Tl:j|)"> = <J7 Ma)\F| TrJ|J7 Ma)\l>

e Helicty initial nucleon = ), helicity outgoing nucleon = Ar, helicity
photon = r
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How to get multipoles

Relations between J-projected helicity amplitudes and multipoles:

ot = s (ﬁ (-Gl ) - (32« Gl 3+ (e ).
(Pm > () -Gl B - ()
f(Pm Dl ) - Gl B (il )
Ml = s (\//:« T l3) - 1 al3)) Gl g (g )
st - gy (GGl al2) )

o~ (el - (Al
(=" S+ 1)vez \\2| ° 2/)’

r=0
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Cross Section and Multipole Decomposition

For e+ N — e + N’ + 7 and after integrating over ¢,

d*o a  kp (Hi1+ Hax Q?
— =27l em = —Hyo | - 9
dEdVde, " 16 W2 g ( y e )
== 1
M7 o2 E@21—¢ 7 (10)
2 0 -1
€= [1+2qa—/‘f tanz(El)] (11)
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Cross Section and Multipole Decomposition

Hadron tensor elements in terms of multipoles:

H11 22
/ 49, +"’

—or Z(/ + 12 [(E I + IMz1y- ) + 1M ? + \E(/+1)—!2)] , (12)
[ g = S0+ 1S + ISy ) (13)
1=0
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Meson Couplings
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