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Introduction

W Resonance properties
W Originally from 7 N — 7 N
¥ Quantum numbers
W Breit-Wigner mass, width, branching ratios
W Cleaner: pole position and residues
W YN — 7N,~" N— 7N (MAMI, JLab,...)

W Electromagnetic properties: helicity amplitudes
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Introduction

W Resonance properties
W Originally from 7 N — 7 N

¥ Quantum numbers
W Breit-Wigner mass, width, branching ratios

W Cleaner: pole position and residues
W yN—=7N,~vN—=7N

W Electromagnetic properties: helicity amplitudes
Ayp = /2 (R,J. =1/2|¢f Jgy| N, J. = =1/2) ¢
Az g = VL (R, . =3/2|ef Ty | N, J. = 1/2) ¢

_ 2ra |4

51/2_ kr \/_<

=172\ Tk | N, J. =1/2)¢
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Introduction

W Resonance properties
W Originally from 7 N — 7 N
¥ Quantum numbers
W Breit-Wigner mass, width, branching ratios
W Cleaner: pole position and residues
W yN—=7N,~vN—=7N
W Electromagnetic properties: helicity amplitudes

® Goals:
W Obtain a precise knowledge of the nucleon excitation spectrum
W Compare to quark models
W Missing resonances; decoupled from 7N?

W Compare to lattice QCD
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Introduction

W Partial Wave Analyses (in a nutshell):

W Key to resonance properties

W Require high-quality data sets

W Theoretical models:
W Relativistic (many of them)
W Cross-symmetric (few of them)
™ Gauge invariant (y N — N’ X))
™ Non resonant part

W Fulfilling chiral symmetry constrains (close to threshold)
W Phenomenological
W Resonant part: Breit-Wigner parametrizations (mostly)
W (Approximately) unitary
W Bethe-Salpeter equation in coupled channels solved (ideally)
W Background and resonances independently unitarized
W K-matrix
® Dynamical models
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Introduction

® Partial Wave Analyses (PWA):
W Key to resonance properties
W Karlsruhe-Helsinki (KH80)
W Carnegie Mellon-Berkeley (CMB80)
W George Washington University (GWU/SAID)
W Mainz (MAID)
W Giessen
W JLab, Excited Baryon Analysis Center (EBAC)
W Bonn-Gatchina
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MAID

W Unitary isobar model for Y*N — N7 Tiator et al., EPJ Special Topics 198 (2011)
T\ (W, Q%) = T2 (W, Q%) + T)%L (W, Q%)
W For each partial wave «
T2 (W, Q%) = Vipt (W, Q%) [1 + iTen (W)
VE2(W,Q?) + Born terms, phenomenological model

T (W) < 72N elastic amplitude, from SAID

Fy N (W)Lt (W) frn (W) i (w,@2)
W2 — M2 + iMgLyor (W)

T2 = =AW, Q%)

J=n (W) < Breit-Wigner factor for resonance decay
Fyn (W) <= NR vertex
dr(W, Q%) adjusted to fulfill Watson theorem

AL(W,Q%) < Multipole amplitudes
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MAID

W Unitary isobar model for Y*N — N7 Tiator et al., EPJ Special Topics 198 (2011)
Tyn(W, Q%) = T (W, Q%) + TE (W, Q%)

W For each partial wave «

FyNW )it (W) frn (W) ei¢R(W,Q2)
W2 — Mé + i MRt (W)

TR = —Ad(W, Q%)

AL(W,Q?) < Multipole amplitudes

W=l + 2%
A1 = —% (1 +2)Epy + 1M
Az = %\/W(EH— — M)
Sij2 = —Z:/L; Sit

L. Alvarez-Ruso, IFIC, Valencia INT 2013




MAID

W Unitary isobar model for Y*N — N7 Tiator et al., EPJ Special Topics 198 (2011)
Tyn(W, Q%) = T (W, Q%) + TE (W, Q%)

W For each partial wave «

FyNW )it (W) frn (W) ei¢R(W,Q2)
W2 — Mé + i MRt (W)

TR = —Ad(W, Q%)

AL(W,Q?) < Multipole amplitudes

W=l -4

Ay = %[(H—l)Ml_—(l—l)El_]
Agjp = —%¢(z—1)(z+1><El_+Ml_)
Sipp = _%gl_
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MAID

W Transition N-R e.m. helicity amplitudes extracted for all 4-star resonaces
with W < 1.8 GeV

W For example:

Tiator et al., EPJ Special Topics 198 (2011)
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MAID

W Transition N-R e.m. helicity amplitudes extracted for all 4-star resonaces
with W < 1.8 GeV

W For example:
120

Tiator et al., EPJ Special Topics 198 (2011)
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Weak Resonance excitation

W Resonances contribute to:

®m the inclusivevi N — [ X cross section

- /
m several exclusive channels: Vit N — [N 7
1% N — [N’ Y

N — I[N
vy N — ZA(Z) K
W AtE, ~ 1 GeV (MiniBooNE, SciBooNE, T2K,...) A(1232) is dominant

But
W At E,>1 GeV (MINERvA) N* become important
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7 production in nuclel
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W Possible problems in:
W 7 production model on the nucleon

¥ medium modifications of amplitudes
m FSI
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7w production In nuclel
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Weak resonance excitation

W Is a PWA-like model needed for (anti)neutrino reactions in the resonance
region?
W There is a already one: Sato-Lee/EBAC

W Most models (GiBUU, GENIE, ...)
W Single resonance excitation
W Phenomenological/empirical backgrounds
(+) simple, easy to apply to nuclear targets
(-) wrong interferences / angular distributions (on nucleons)

W Is this good enough?
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Weak resonance excitation

W Is a PWA-like model needed for (anti)neutrino reactions in the resonance
region?
W There is a already one: Sato-Lee/EBAC

W Most models (GiBUU, Rein-Sehgal, ...)
W Single resonance excitation
W Phenomenological/empirical backgrounds
(+) simple, easy to apply to nuclear targets
(-) wrong interferences / angular distributions (on nucleons)

W Is this good enough?

W Yes... but available experimental information from 7N, vN, v"N should
be taken into account
LAR, Singh, Vicente-Vacas, PRC 57 (1998)

Lalakulich, Paschos, Piranishvili, PRD 74 (2006)
Leitner, Buss, LAR, Mosel, PRC 79 (2009)
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Formalism

® CC N* excitation: Y1(k) N(p) — 17 (k") N (p')

do 1 |k P | |
— + Inclusive cross section
I dY ~ 32m2 Ry P )IM
M* I'(p

T (p/2 _ M*2)2 + M*QI“Z (p/)

F(p’) + total momentum dependent width

G cosfc

V2

1Y = u(k" )y (1 —v5)u(k) leptonic current

M = [* T

Ja — Va — Aa + hadronic current
can be parametrized in terms of
N-N* transition form factors
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Formalism

® CC N* excitation: Y1(k) N(p) — 17 (k") N (p')

do 1 |k P | |
— + Inclusive cross section
I dY ~ 32m2 Ry P )IM
M* '(p')

A(p’) = T (p2 — M*2)2 + M*2T2(p))

F(p’) + total momentum dependent width
G g cosbco
V2
(% = u(k")y*(1 — v )u(k) + leptonic current

Ja:Va_Aa qava:() + CVC
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Formalism

W Second resonance peak: N*(1440), N*(1520), N*(1535)

m N*(1440) P=1/2+

FY , FY Fp
B_ | _
(ﬁQa q fYa) + ZQMN Oapq AYa Y5 M~ ’75QOc] (p)

1o =6 |

m N*(1535) P=1/2-

_ Fl 2 Fv B Fp
Ja:u(p) (2M ) (gQa q 7&)75+22MN0-045Q 75_FA704_M—NQO4 u(p)

m N*(1520) JP=3/2-
Vv CV

_ cY Cy
Jo = (p) M:;’V (gapd — gavp) + —5 M2 = (gopq - P — qop)) + —% M2 (gapq - P — qapu)
c4 cy cg
+ M—?V(gaug — qavu) t+ M2 —2 (gauq - ¥’ — qgp)) + C&'gap + M]% —>qaqu | 75| u(p)
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Formalism

W Vector and EM transition form factors

—

Ve = Vag + isovector current Vy = V{’ﬁi + hypercharge (isoscalar) current
* (8 * (87 1 (8 Va —|_ Va — (64

" Vem Ip) = (p*| V3 +§VY‘p>: 2 ~=Y;
* (8 * (8 ]' o Va —|_ V (87

(n*| Vi [n) = (07| V5" + 5V In) = ————= V)

Then: (p”| Vee In) = 07| Vi7" +iVy' n) = V2 =V, =V,
(p*| Viclp) = (p"I(1—2sin® O ) V3" — sin® 0w V5 [p)
1
= (— — sin” 6 ) V* + sin® Oy V
= (E—ZSIH 0 )V;—Vﬁ‘ (1)

W Vector CC and NC form factors can be expressed in terms of EM ones
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Formalism

W Vector CC and NC form factors can be expressed in terms of EM ones

mcc: Fy=F,—-F

~ o (n 1 . . )
O NC:F]I_)’(Q ) — (5 — 2sin” QW) Ff(Q ) _ Fl’gp)
® The same applies for 7, ,

W Helicity amplitudes from 7 photo- and electro-production data

A1/2: \/2,;T_fo<R,Jz:1/2‘€:J]§JLM|N,JZ:—1/2><
Az g = «/%‘3 (R,J. =3/2|ef Jhn| N, J. = 1/2)¢

Sijp= - /2;5 \'/‘g—z (R,J., =1/2|eb Jhy| N, J. =1/2)¢

® Helicity amplitudes = EM form factors
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Resonances In v generators

W Rein-Sehgal model: Rein, Sehgal, Ann. Phys. 133 (1981) 79.

W Used by almost all MC generators

W Relativistic quark model of Feynman-Kislinger-Ravndal with SU(6)

spin-flavor symmetry
W Helicity amplitudes for 18 baryon resonances
W Lepton mass = 0
Kuzmin et al., Mod. Phys. Lett. A19 (2004)

W Corrections: Berger, Sehgal, PRD 76 (2007)
Graczyk, Sobczyk, PRD 77 (2008)

W Poor description of 7 electroproduction data on p
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Resonances In v generators

W Rein-Sehgal model: Rein, Sehgal, Ann. Phys. 133 (1981) 79.
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Resonances In v generators

W Rein-Sehgal model: Rein, Sehgal, Ann. Phys. 133 (1981) 79.

B (gl + 171 )02 (sl + (1P 2u0 L (£ 2+ 1o )
dg?dw M2 (—q?)
frs = <N, J, =F1/2 ﬁefjﬂéM R, J. = :|:3/2>
for= (N.L=41/2| Gt gy | R L = F1/2)

V-2 1 0 u
Iql €, JEM

€O b | R, T, = i3/2>

fo+ = <N, J, =+1/2

Helicity amplitudes
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Resonances In v generators

W Rein-Sehgal model: Rein, Sehgal, Ann. Phys. 133 (1981) 79.

B (gl + 171 )02 (sl + (1P 2u0 L (£ 2+ 1o )
dg*dw M (—¢?)
fas = (N,J. = F1/2 |5t Ty | R, J. = F3/2)
fog = <N, T, = +1/2| i Tt | R, T = ;1/2>
fox = <N, J. = £1/2 %; o | B Tz = 13/2>

Helicity amplitudes
Ayp = /2 (R,J. =1/2|€e} Jhy| N, J. = —=1/2)¢
Asjo = LR, J. = 3/2 €} Tay| N, J. = 1/2) ¢
_ 2o |9

Si/2 = = \/@< e =1/2|Jhu| N, J. =1/2)¢
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Resonances In v generators

W Rein-Sehgal model: Rein, Sehgal, Ann. Phys. 133 (1981) 79.

W (gl + 171 ) 02 (sl + [ £raP) 200 L (£ 2+ 1o )
dg?dw M2 (—q?)
frs = <N, J, =F1/2 meiﬂéM R, J. = :|:3/2>
for= (N.L=41/2| Gt gy | R L = F1/2)

€

\/—q2 10 gu
la| 2Mpr p“EM

fox = <N, J, = +1/2 R, J, = i3/2>

Helicity amplitudes

Mpy | kg
szl(j:B) = =S Mp 27raA1/2(3/2)
B (—q?) MN\/k'R
Joxr = S e Mp 27role/2

S < sign, depends on the resonance
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Resonances In v generators

Rein-Sehgal model: Rein, Sehgal, Ann. Phys. 133 (1981) 79.

It is possible to use helicity amplitudes from PWA without altering the

structure of Rein-Sehgal model
® MAID helicity amplitudes = GENIE: LAR, S. Dytman
W First results: Steve’s talk on Sunday
W Agreement to (e,e’) data improved
W Discrepancies remain:
W Mistakes
W Ambiguity in the off-shell (W # My) dependence

™ Non-resonant background and interferences
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Non-resonant background

Specific for each excusive process

m
W Background terms interfere with the resonant contributions
m yyN—=IN'=

¥ In Rein-Sehgal model: Rrein, Sehgal, Ann. Phys. 133 (1981) 79.

“we have represented the background by a resonance amplitude of P11
character (like the nucleon), with the Breit-Wigner factor replaced by an
adjustable constant. The corresponding cross section is added incoherently
to the resonant cross section.”

W General principles:
W CVC, PCAC
W Threshold behavior dictated by chiral symmetry of QCD
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Non-resonant background

® for MC generators
B Vector part: T. Leitner, O. Buss, LAR, U. Mosel, PRC 79 (2009)
B Empirical ’y* N — N’ 7 amplitudes:

7'('N T ZAEMMM
1=1
ABM

< Parametrized by MAID using (e,e’) data
W Weak amplitudes obtained by isospin rotations
AP?T+ «C_ /2 Am EM Afﬂr—,EM’
A?H+,CC _ \/EAIPH O EM B Afﬂ_,EM’
Afno,cc _ Afﬁ”,EM B Af”UfEM /3 Afﬂ;—,EM
W After subtracting resonances =- background (+interference)
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Formalism

® CC N* excitation: Y1(k) N(p) — 17 (k") N (p')

do 1 |k P | |
— + Inclusive cross section
I dY ~ 32m2 Ry P )IM
M* '(p')

A(p’) = T (p2 — M*2)2 + M*2T2(p))

F(p’) + total momentum dependent width
G g cosbco
V2
(% = u(k")y*(1 — v )u(k) + leptonic current

Ja:Va_Aa anOé:O + CVC
q Ay = i(my +Mq)quV59d  pcac

M = [* T
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Formalism

W Axial transition form factors
W Poorly known (if at all...)
® PCAC: 4" 4a =0
m -pole dominance of the pseudoscalar form factor: Fp, C§

m N*(1440) P=1/2+

M* + Mn)M
PCAC = FP:_( q2—n]\zf2) N Fa
_ N N =L(NT — N
gN* N~ N\ —
ing LN*Nx = — N* oM T)TN
Using ~N*N fr 75(977) fr <« m decay constant
M* + My )My
r-pole dominance = f'p = —QQN*NWF(GF)( 5 2) F(0) =
q= — mza

Therefore F4(0) = 2gn+nx < Goldberger-Treiman relation

q2

- Fa(¢®) = Fa(0) [ 1 —
Educated guess: 4(q°) 4(0) ( M 42
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Formalism

W Axial transition form factors
W Poorly known (if at all...)
® PCAC: 4" 4a =0
m -pole dominance of the pseudoscalar form factor: Fp, C§

B N*(1535) P=1/2-
(M* — My )My

Fy
¢ —m3

PCAC = Fp=—
gNNroT(N' — N)

gN*NTl' \ Tk —\ —
Using LN*Nz=— N*y, (0" 7)TN

I fr « 7 decay constant
M* — My )My
r-pole dominance = Fp = _29N*N7|'F(q2)( 2 — mQ) F(0) =

Therefore F4(0) = 2gn+nx < Goldberger-Treiman relation

q2

- Fa(¢®) = Fa(0) [ 1 —
Educated guess: 4(q°) 4(0) ( M 42
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Formalism

W Axial transition form factors
W Poorly known (if at all...)
® PCAC: 4" 4a =0
m -pole dominance of the pseudoscalar form factor: Fp, C§

® N*(1520) JP=3/2-

PCAC = C§' = —%C?

r-pole dominance = Cg = 29N+ NxF(q%) (M*q;_]\/[ﬂ]ZQ)MN F(0) =1
Therefore 054(0) = —2gn~ N Goldberger-Treiman relation

Educated guess: C% (¢*) = C£'(0) (1 - ]\3;)_2MA =1GeV C;=03'=0
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Non-resonant background

® for MC generators
W Axial part:
W PCAC + mr-pole dominance of the pseudoscalar current

® Axial current at Q?=0 can be obtained from =N — 7 N
Kamano et al, PRD 86, but also Rein, Sehgal, PCAC Cohr

W There are several partial wave analyses of 7 N — 1© N

W After subtracting resonances = background (+interference) at Q=0

W At Q% > 0 there is no experimental information except ANL and BNL
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Weak 7n production

B LAR, M. Sajjad Athar, M. Rafi Alam, M. J. Vicente Vacas
m yyN—IN"y

W Background (from atmosferic v) for proton decay searches: P — T
D. Wall et al. PRD 62 (2000)

W A second class 7m-pole mechanism could be observed (forward)

N. Dombey, PR 174 (1968)

W Sensitive to the N*(1535) (axial) properties

W Contributes to improvement of MC simulations in v experiments
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Weak 7n production

B LAR, M. Sajjad Athar, M. Rafi Alam, M. J. Vicente Vacas
m yuN—=IN
W Ingredients: s,u-channel nucleon pole, N*(1535), N*(1650)
B Results:
25 T T | T 20_ I T T I
E All Diagrams E i All Diagrams ]
0F |==== N 1535 . sL |77 seN s )
PR T et = seN -1650 1 _F | = seN -1650 g
“g sk |TT T ueN-183s J “g [ |==== ucN-1535 i
;u B ———= 4N -1650 ] 2 F ———— 4N -1650 -
= [ sc Nucleon Pole ] T:: 10 B sc Nucleon Pole ]
10 — — — — uc Nucleon Pole — - L = = == q¢ Nucleon Pole -
e L i b r R .
- . i g i
L 4 5 ~ —
5_— - L o _ L i
- o - p Vytp o Antn o
n oy _ ! ! I S o |
03 0 1 1.3 2
E, (GeV) E, (GeV)

W The N*(1535) excitation is dominant
m Small cross section but large enought to be measured at MINERvVA
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L. Alvarez-Ruso, IFIC, Valencia INT 2013

Do we need a (drastically) better weak resonance production model?
Which is the (best) way to take state-of-the-art pheno into account?
How to deal with the non-resonant background (+interference)?

How to deal with the RES -> DIS transition?

Are there going to be new v-nucleon measurements in the (near) future?
Will Minerva help (at the nucleon level)?

Can we get useful info from PV (e,e’) experiments?

How to avoid the donkey effect?




The donkey effect

An End leéf, jourm)z

MNewtvine 'Qnemm-hf

ﬁﬁa

e This SLSA
‘Mw-‘-.‘ JLTH.
%ﬁﬁm 2
A = £
”Lg&\\: - g% ‘éig
— - l.( ,w
. LN
=\

L. Alvarez-Ruso, IFIC, Valencia

“"fL'év.F

toke this GP-cl'ImI
:Func{‘ioh the woof

Eat this
covpled Elnom@

wheve all final Sh-rl-e
portides ore corveet|y

Simu\oted -

2y

A jwmgv o} newifre jmﬁ'l'w- cnr\'ﬁnu?g ces

INT 2013



	Theory of resonance production and decay� �Luis Alvarez-Ruso�IFIC, Valencia 
	Introduction
	Introduction
	Introduction
	Introduction
	Introduction
	Introduction
	Introduction
	MAID
	MAID
	MAID
	MAID
	MAID
	Weak Resonance excitation
	¼ production in nuclei
	¼ production in nuclei
	Weak resonance excitation
	Weak resonance excitation
	Formalism
	Formalism
	Formalism
	Formalism
	Formalism
	Resonances in º generators
	Resonances in º generators
	Resonances in º generators
	Resonances in º generators
	Resonances in º generators
	Resonances in º generators
	Non-resonant background
	Non-resonant background
	Formalism
	Formalism
	Formalism
	Formalism
	Non-resonant background
	Weak ´ production
	Weak ´ production
	Questions
	The donkey effect

