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How to marry Regge with Feynman ...
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Outlining the Problem

q\, k qx.. k Gueee_ - k qs, k
P’ p P’ P P p P’ P
— — — S———
s-channel u-channel t-channel interaction current
_ CTH 12 3 o
Interaction current:
+ “‘ + o0 0
Interaction current subsumes final-state interaction
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Outlining the Problem

q. k q\\ k C]\\ k Q\\ k
Mr = p—a + #&; o + /g:v + )
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—_— —_—— —_—— ———
s-channel u-channel t-channel interaction current
_ jz p p
= IS5 J; + Jp SRy + JLAnk + M

Replace t-channel single-meson exchange by Regge-trajectory exchange: A,, F;, — P,
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Outlining the Problem

q\ k/ q\\ k/ C]~~\ k/ q\\ k
Mr = p—a + #&; o + /g:v + )
4 p Y P Y P i p
—_— —_—— —_—— ———
s-channel u-channel t-channel interaction current
_ jz p I
= IS5 J; + Jp SRy + JLAnEy + M

Replace t-channel single-meson exchange by Regge-trajectory exchange: A,, F;, — P,

q k qn.. k R k qs,
P’ p P’ p P’ p P’ p

= F.SJ + JpSpFy + JLPa + M

int

P..: Regge-trajectory propagator
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Outlining the Problem

M* = + g+ + k M =0
p’/®\p a

p p p p p p
- _ - _ y _ X , current conserved
s-channel u-channel t-channel interaction current

= F,SJ' + JﬁSfFu + JEALF, + ME

int
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Outlining the Problem

q. k q. k Toee g™ k qs, k
M = ] 2 = ) ke, M" = 0
T + O + p
P’ p P’ p P’ p P p -
— ~ -— _ -~ _ \ , current conserve
s-channel u-channel t-channel interaction current
_ I 12 W

With Reggeized t-channel:

q k qn.. k q-... k qs, k
D G G G Tea
P p P’ p P’ p P’ p

current not conserved
= FSJ + JySpFe + JL P+ M

int
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Outlining the Problem

. +~No praoblem. .
M* = P_‘< - = ) ki M" =0
4 p " 4 i p’/®\p " I p -

_ _ P . , current conserved

s—ch;rnnel u—cl:arnnel t—ch:nnel interaction current
= .S + JPSpF. + JLARF + My

With Reggeized t-channel:

M= + @ + - /l< ke, MM £ 0
Y p Y p Y p P p

current not conserved
= FSJ + JySpFe + JL P+ M

int
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Let’s recap Regge ...
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Regge trajectories

Graph stolen from P. Vancraeyveld, PhD Thesis, U. Gent, 2011

K,(2500)

Trajectories:

pseudoscalar:

ap(t) = aolt),

K,(1820)
aolt) = af (t — M)

(%)
LI N B L L B Y

K,(1400) . I
/K (1680) 7
1 a_(t)= 14+ ay(t
1430 ‘ 0 (1) = of (¢ — M1?)

~—

Q

6 7,1 2 3 4 5 6 1
t (GeV?)
Regge exchange for t-channel: m=0,1
1 s\ Nam(t):n]  mam(t)
AmF%Pmt :7~Fmt ' fmt - T - - —
! (t) t— M2 t) Q (SSC) L(1+ a, (1)) sin (o, (1))

residual Regge function Sec = 1 GeV?
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Regge trajectories

Regge exchange for t-channel: m=0,1
am(t)
1 s Nay,(t); 1] T (1)
A F,— P, (t) = ———F,(t), Fo(t) = | —
! (t) t— M2 (t) ®) (SSC) (14 ozm(t)) sin (7rozm<t))

residual Regge function Sec = 1 GeV?

Signature function:

Nlev (1)) = 1+ (1 = p)e” 0

% , pure-signature trajectory
n =4 0, add trajectories: rotating phase
1, subtract trajectories: constant phase
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Regge trajectories

Regge exchange for t-channel: m=0,1
am(t)
1 s Nay,(t); 1] T (1)
A F,— P, (t) = ———F,(t), Fo(t) = | —
! (t) t— M2 (t) ®) (SSC) (14 ozm(t)) sin (7rozm<t))

residual Regge function Sec = 1 GeV?

Signature function:

Nlev (1)) = 1+ (1 = p)e” 0

% , pure-signature trajectory
n =4 0, add trajectories: rotating phase
1, subtract trajectories: constant phase

Normalization:

.Fm<M2 ) — 1 independent of
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GLV Recipe Guidal, Laget, Vanderhaeghen, NPA 627, 645 (1997)

Recipe: Take gauge-invariant amplitude M* and multiply by residual function F,,(t)
k q k

‘N k Une k Teee. o~
M :Mﬂxfm:[p—{+#§+ o
GLV P p 4 p p’/®\p P p

t-channel okay

X Fon (1)

kuMery = [kuM"| X Fpn =0
=0
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GLV Recipe Guidal, Laget, Vanderhaeghen, NPA 627, 645 (1997)

Recipe: Take gauge-invariant amplitude M* and multiply by residual function F,,(t)
k q k

N k Une k Teee. o~
MY :M“x]-":[}@—<+#@.:+ o+ D
L m
GLV it P i P p’/®\p it P

t-channel okay

X Fon (1)

kuMery = [kuM"| X Fpn =0
=0

B Very popular

B Quite successful in providing good descriptions of data for many applications
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GLV Recipe Guidal, Laget, Vanderhaeghen, NPA 627, 645 (1997)

Recipe: Take gauge-invariant amplitude M* and multiply by residual function F,,(t)

q k

N k Gn., k Tueee_ .,,w"'k “
ME . = M* x F, :[/9—<+F£+ I+
L m
GLV it P i P p’/®\p it P

X Fon (1)

kuMery = [kuM"| X Fpn =0
=0

B Very popular
B Quite successful in providing good descriptions of data for many applications

B Without any dynamical foundation

Cannot be obtained from field theory in any approximation
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L] L] 3_— O ——
Origin of Problem - K,2320) 1
S T
Reason #1: i
Lo, LK (
1-K (892) -
qe. Jﬁw i T
: oL :_/
L I |__ Yl
/@\ Ly |
t (GeV?)

Every state in the Regge trajectory appears with same current.

Ward-Takahashi identity:
kudh, = (¢ — M)Qmn — Qu(t — M)

—> |Violates Ward-Takahashi identity for intermediate higher-mass states
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Origin of Problem

Reason #2:

= + @@\ + o

t-Channel exchanges inside interaction current not Reggeized.

Needed: Consistent treatment

_ /< N L
—

Interaction-current contribution must be Reggeized as well
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Gauge-invariance recap ...
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Gauge Invariance

q k qn. k e k qs
L \\\ ‘~\\ "*~,~I"‘~ \‘\\
/ / //@\ /
p p p p p p p p

| 7 S S S —

s-channel u-channel t-channel interaction current

= F.SJ + JpSpF, + JLARF + M

int

Global gauge invariance ]{MM'M = 0 all external hadrons on-shell
—A

d — de

conserved current  =- implies charge conservation
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Gauge Invariance

q k qn. k e k qs
L \\\ ‘~\\ "*~,~I"‘~ \‘\\
/ / //@\ /
p p p p p p p p

| 7 S S S —

s-channel u-channel t-channel interaction current

= F.SJ + JpSpF, + JLARF + M

int

Global gauge invariance ]{MM'M = 0 all external hadrons on-shell
—A

d — de

conserved current  =- implies charge conservation

Fixing global gauge invariance does not mean internal damage is fixed as well
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Gauge Invariance

...... '~
Mr = /@—< /.4@( +
4 P

—/—/—/—/—/—/E/—/

s-channel u-channel t-channel interaction current

= F.SJ + JpSpF, + JLARF + M

Int

Local gauge invariance  Generalized Ward-Takahashi identities (gWTI)

(I) — (I) C—['/\('m kHMM - (q2 - Mi)@m Ft + Sj:l(p/)QfFu - Fsz»S’Z_l(p)
k J'u - ( 2 M2)Qm - Qm( - ng)
k M/rjlt Qsz‘ + QfF F Qz
off-shell relations
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Gauge Invariance

MF = /@—< ,d’é I
P p

_/_/_/_/_/_/ﬁ_/

s-channel u-channel t-channel interaction current

= F.SJ + JpSpF, + JLARF + M

Int

Local gauge invariance  Generalized Ward-Takahashi identities (gWTI)
D — b kMY = (68— M2)Qu Fr+ 57 (0) Q1 Fu — F.QuS; (p)

k JM - (q2 o Mﬁz)@m - Qm(t — Mr2n)
k M/rjrc Qb + QfFu — F,Q);

off-shell relations

local gauge invariance = | implies existence of e.m. field

Without gWTI underlying e.m. field is damaged
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Practical Relevance of Local Gauge Invariance

Example: Two-pion production at the no-loop level

O - @

N
N
N N
N
N N
.o ~~~ ~ P
LR - -

—" - N
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Practical Relevance of Local Gauge Invariance

Example: Two-pion production at the no-loop level:

i - N+
b :: i owo’”/

Without gWTI, this amplitude will not be gauge invariant

|'! ’
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Generalized Ward-Takahashi ldentities

1) kM= (@~ M2)Qu F+ S5 (0)Q F — F.QiST(p)
(2) ko J' = (¢ — M2)Q,, — Q(t — M?2)  trivial
(3) kuMi/rj{t - QmFt + QfEL - F@Ql

Only two relations are independent = Use (2) & (3)
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Generalized Ward-Takahashi ldentities

1) kM= (g7 = M2)Qu Fi+ ST (0)QFy — F.QiST ()
(2) ko J' = (¢ — M2)Q,, — Q(t — M?2)  trivial
(3> k M/rj]t QmFt + QfEJ, - FSQI

Only two relations are independent = Use (2) & (3)

(

i Hadronic vertex fuls) = F(M2, M2, s)
“' F(py.p) = Glam) T f (a5, Dy P} S fulu) = f(M2,u, M?)
g (1) =t ME M)

Interaction-current Ansatz:

M =m f,(t)+ G(q)CH + T k TV =

Int Int int —

H. Haberzettl e Meson 2016, Krakow, Poland, 6 June 2016 —14-



Generalized Ward-Takahashi ldentities

1) kM= (g7 = M2)Qu Fi+ ST (0)QFy — F.QiST ()
(2) ko J' = (¢ — M2)Q,, — Q(t — M?2)  trivial
(3> k M/;t QmFt + QfEJ, - FSQI

Only two relations are independent = Use (2) & (3)

(

i Hadronic vertex fuls) = F(M2, M2, s)
“' F(py.p) = Glam) T f (a5, Dy P} S fulu) = f(M2,u, M?)
g (1) =t ME M)

Interaction-current Ansatz:

M =m f,(t)+ G(q)CH + T k TV =

Int Int int —

= Determine C" such that (3) is true
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Auxiliary Contact Current C* HH, Nakayama, Krewald, PRC74, 045202 (2006)
See also: HH, Wang, He, PRC92, 055503 (2015)

Ji —

> y y
b)@ Cl=—en(2q — k)'—— ) (5 fs A+ Sufu — 656ufst)
%O{\/ / 1 f
— €f<2p — ]C)f _—]\42<5tff + ) fg 5t5$ftfs)
1 f —1
- 6Z<2p + k)/ - M2< ufu + 5tft — 5u5tfuft)
where

0y =

r=S8,u,t

1 channel contributes
0 channel does not contribute

Charge conservation: QT+ QT —TQi=en+er—e =0
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Auxiliary Contact Current C* HH, Nakayama, Krewald, PRC74, 045202 (2006)
See also: HH, Wang, He, PRC92, 055503 (2015)

O = e 2g R 0 4 b — 60,01

\(\Qg t— Mr2n
2
%OQ / 1 f
— €f<2p — ]C>/ _—]\42<5tff + ) fg 5t58ftf8)
s —1
o 6Z<2p + k) — M2 ( ufu, + 5tft — 5u5tfuft)
where

1 channel contributes
0y = _ r=Ss,u,t
0 channel does not contribute

Charge conservation: QT+ QT —TQi=en+er—e =0

ensures correct
four-divergence for M.

Four-divergence: k,CM=enfi +erfu—eifs

|nt
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Reggeizing Final-state Interaction

Reggeize both t-channnel,

$
I
4+

29

.
+
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Reggeizing Final-state Interaction

Reggeize both t-channnel,

and FSI contribution,

=

LXK B

Not necessary to calculate FSI loops

= modify C" instead
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Reggeizing t-Channel

Before Reggeization

G f = fw"’“
mt—M% P /®\
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Reggeizing t-Channel

Before Reggeization After Reggeization
Gt g T o Gt
JH F

- f = : S [ q—
it el T 8 T it
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Reggeizing t-Channel

Before Reggeization After Reggeization

Gt el T Gt
g _GT_ - S R
v f% b7 & v ];

Reggeization corresponds to an effective prescription for hadronic form factor
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Reggeizing t-Channel

Before Reggeization After Reggeization

— i —. Ik
g Gt e T Gt

TR T e Tl T

Reggeization corresponds to an effective prescription for hadronic form factor

To preserve local gauge invariance,
replace f; by Regge residual function JF; everywhere
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The Cure: Modified Auxiliary Contact Current C*

Mﬁt - mg Fi+ G( )CM + TulnLt kﬂj—:/n[t =0
N Fir—1

.{\Qg\,b Cl = _6m(2q - k) _t M2 (5 f? ufu - 535ufsfu)

<
N
O u

% o 6f(2p/ - ) uf_ M2 (5tft + 58f<5 - 5t55ftfs)
- 62(2]9 + k)usf:_ng (5ufu + 575‘/rt - 5u5tfuft)
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The Cure: Modified Auxiliary Contact Current C*

M =ml Fi+ G(q)C" + Ty kT =0
$ Fi—1

.{\Qg\,b Cl= —em(2q - k) _t M2 (5 fs ufu - 555uf9fu,)

P
Q<
O U

% o €f(2p/ o ) uf_ MQ (@Ft + 55f5 - 5t55ths)
- 61<2p + k)ﬂsf:_ng (dufu + 5t-/rt - 5u5tfuft)

Provides correct generalized Ward-Takahashi identity:

k,uMu - (q2 — M%)Qm ﬁt + S]:l(p/)QfFu, - Fs@zsz_l(p)
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The Cure: Modified Auxiliary Contact Current C*

M{;t - m’é Fi+ G( )CM + T;ﬁt k T|/n[t = (
S F—1

& O =—enla k) P %) (8sfo 4 Gufu — 6:0ufofu)

<
N
O u

% o €f(2p/ - ) uf_ MQ (@Ft + 5sfs — 5t55"t.tfs)
- €z<2p + k>usfg__j\42 (5ufu + 5t-/r1‘ - 5u5tfuft)

Provides correct generalized Ward-Takahashi identity:

k,uMu — (q2 - M%)Qm ﬁt + S]:l(p/)QfFu, — FsQ?‘SZ_l(p)

= Production current locally gauge invariant
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Application: v +n — K* + X*(1385)~

N/\/\/\/\/\/T—-»——K

Y
\\k]
D1
. n

n > ./

s channel
v _K

-
-~
x
-~
-

n — = < p)

u channel

Compared with data from

t channel

gl UK
e
~
7/
n

contact term

CLAS: P. Mattione (CLAS Collaboration),

Int. J. Phys. Conf. Series 26, 1460101, (2014);
LEPS: K. Hicks et al. (LEPS Collaboration),
Phys. Rev. Lett. 102, 012501 (2009).
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Wang, He, HH, PRC93, 045204 (2016)
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Application: v +n — K + X*(1385)~

v oK Y - - —
k k 4
X S KK
D1 n 7 D2
n > @ Dy n ¥
s channel t channel

u channel contact term

Compared with data from

CLAS: P. Mattione (CLAS Collaboration),

Int. J. Phys. Conf. Series 26, 1460101, (2014);
LEPS: K. Hicks et al. (LEPS Collaboration),
Phys. Rev. Lett. 102, 012501 (2009).

H. Haberzettl e Meson 2016, Krakow, Poland, 6 June 2016

Wang, He, HH, PRC93, 045204 (2016)

For gauge-invariance considerations,
the s-channel is irrelevant.

Interpolation between f; and F;:

~

filt) = Fu(t) Rs + fi(t) (1 — Ry)
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Application: v +n — K + X*(1385)~

,\/ - > - =K
K,K*
n 3

Y LK
k] k‘g 4
N S
D1 n 7 P2
n > e >
s channel
v _K
-
-~
r
-~
-
n — = < p)

u channel

Compared with data from

t channel

gl K
7
e
s,
n *

contact term

CLAS: P. Mattione (CLAS Collaboration),

Int. J. Phys. Conf. Series 26, 1460101, (2014);
LEPS: K. Hicks et al. (LEPS Collaboration),
Phys. Rev. Lett. 102, 012501 (2009).
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Wang, He, HH, PRC93, 045204 (2016)

For gauge-invariance considerations,
the s-channel is irrelevant.

Interpolation between f; and F;:

~

filt) = Fu(t) Rs + fi(t) (1 — Ry)

15 :
tRegge = 12.80 GeV? SRogge = 4.63 GeV?
to = 0.85 GeV? s0=0.31GeV?
1 /
Ry(t) R (s)
05
/E ......
R=358
0 E, =25GeV
$— = z. €
; <25 . Y
t range for £, < 2.5GeV i B, at threshold
-05 : : ‘
- 2-15 -10 -5 5 10 ) 15
[GeV?] — t]ls — [GeV7]
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Application: v +n — K* + X*(1385)~ Wang, He, HH, PRC93, 045204 (2016)

 15GeV<E <1.7Gev  § 1.7GeV<E <1.9GeV
F Y 4 Y
g

L

E - - =
L - —

o
2
=
D
?/)/ A e ey | T T
8 10 o | -
") T
\b 1 1 1 " 1 1
= 5 e e 1 w05 00 05 10
F 23 GeV<E <2.5GeV | : : : :
'L ' oo = CLAS
- e LEPS
A =4 — full model Reggeized contact term
10" ¢ 3 - - contact term . . . A
~ = - tchannel provides sizeable contribution

10 05 00 05 10

cos(0,.)

—20—
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Application: v +n — K + X*(1385)~ Wang, He, HH, PRC93, 045204 (2016)

coseclm4:0.6-0.7 cosem=0.7—0.8 06 ® LEPS
' full model

— — - contact term
% —-=—- t-channel
04 L —--— s-channel i

u-channel

do/dcos6 (ub)
total cross section (ub)

Py
1

1“75 2‘60 225 250
E (GeV) E (GeV)

Reggeized contact term provides sizeable contribution
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Summary

Implementation of Regge phenomenology for t-channel exchange corresponds to replacing
usual phenomenological form factor f; by Regge residual function F;

Reggeization of ¢t-channel leads to violation of gauge invariance due to inconsistent imple-
mentation of Reggeization

Interaction-current M needs to be Reggeized as well
Global gauge invariance doesn't constrain dynamics: not a good starting point et

Correct dynamical basis provided by generalized Ward-Takahashi identities as they follow
from local gauge invariance

The cure: Modify auxiliary contact current C*

Application to v +n — KT + ¥*(1385) at energies up to 2.5 GeV requires mixing of
conventional and Reggeized t-channel to provide acceptable y?

Method can easily be applied to Reggeizing u-channel as well
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Summary

Implementation of Regge phenomenology for t-channel exchange corresponds to replacing
usual phenomenological form factor f; by Regge residual function F;

Reggeization of ¢t-channel leads to violation of gauge invariance due to inconsistent imple-
mentation of Reggeization

Interaction-current M needs to be Reggeized as well
Global gauge invariance doesn't constrain dynamics: not a good starting point et

Correct dynamical basis provided by generalized Ward-Takahashi identities as they follow
from local gauge invariance

The cure: Modify auxiliary contact current C*

Application to v +n — KT + ¥*(1385) at energies up to 2.5 GeV requires mixing of
conventional and Reggeized t-channel to provide acceptable y?

Method can easily be applied to Reggeizing u-channel as well

Thank youl!
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