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Regge theory 101

[T. Regge, Nuovo Cim. 18 (1960) 947-956]

Partial wave expansion

o}

A(s,t) =Y (204 1) Pu(z1) folt)

£=0

Sommerfeld-Watson transform

A(s,t) = 1[4, @) Pi(—z) fLY)

2t Jo sin 7w/
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Regge theory 101

[T. Regge, Nuovo Cim. 18 (1960) 947-956]

Partial wave expansion

o}

A(s,t) =Y (204 1) Pu(z1) folt)

£=0 Deform the contour

Sommerfeld-Watson transform (assuming the partial waves are analytic, only singularities are poles)
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Regge theory 101

Partial wave expansion
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Sommerfeld-Watson transform
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[T. Regge, Nuovo Cim. 18 (1960) 947-956]

Deform the contour
(assuming the partial waves are analytic, only singularities are poles)

1 .
1 [zt (20 (t) +1)B3:(t) 1
A(s,t) = —— de...— . —P, (—=
(1) 2i J_1 o Z: sin (i (1)) 2 (=)
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background ~ s~ 1/2 pole contributions ~ s(%)
Regge poles
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Regge theory 101

[T. Regge, Nuovo Cim. 18 (1960) 947-956]

Scattering amplitudes are analyticin sand t Partial waves must be analytic in angular momentum
dz B(t)
t - _P A t ~N —— 70
)= [ FREAGH ~ oo
6
Resonances appear simultaneously as poles in energy and spin! st
* Regge trajectories: families with same quantum numbers but different spin 4t

* Almost straight lines (Chew-Frautschi plot)

* In standard Regge theory parameterized by: a(t) = o't + ag

M? (GeV?)

[V.Mathieu et al., Phys.Rev.D 98 (2018) 1, 014041]
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Regge theory 101

[T. Regge, Nuovo Cim. 18 (1960) 947-956]

Scattering amplitudes are analyticinsand t Partial waves must be analytic in angular momentum
dz B(t)
t - _P A t ~N —— 70
)= [ FREAGH ~ oo
6
Resonances appear simultaneously as poles in energy and spin! st
* Regge trajectories: families with same quantum numbers but different spin 4t

* Almost straight lines (Chew-Frautschi plot)

* In standard Regge theory parameterized by: a(t) = o't + ag

M? (GeV?)
Particle with [V.Mathieu et al., Phys.Rev.D 98 (2018) 1, 014041]
4 Reggeon with
F—m2 mass m an 7 and soin a(t |
spinJ mass\/—an spin a(t) " o 14+ ?,]e—mra(t) ( S )a(t) 1
Regge — - T LY
sin (7o (t 2 s I'(1 + «(t
) ] ) ; (ra () o) T+a(®)
poles for _ cancel
integer a(t) signature  asymptotic  non-physical poles
factor behavior
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When do we use Regge theory?

Resonance region High-energy region

o (mb)

LOgm[plab)
[V.Mathieu et al., Phys.Rev.D 92 (2015) 7]

Low-energy: resonances High energy: Regge exchanges
gr gi
A(s,t) ~ A(s,t) ~
w0~ 2 @0~ 70
S Analytically connected /

G. Montafa (JLab) — MULTIPARTICLES25

beam
llfast"
A
reggeon I
: rapidity gap
target ¥
“slow”

Model for diffractive production

* We only need to know the (dominant)
crossed-channel exchanges



Photoproduction of the hybrid 7,(1600) @@

Lightest isoscalar with JP/¢= 1+ — had/spec v b W
: ’\"'\,\1_ LD 2 NN
it | ~ j:
Predicted by lattice QCD : . "
1 s

Experimental evidence from COMPASS)

/v/\\ /' More statistics

P X Complicated final state

L - _ _ _ : ,
\I‘- \‘-' ! 7 - /’7( )
T v g
1500 1550 1600 1650 mp [ MeV —— < >

[Woss et al., Phys.Rev.D 103 5, 054502 (2021)]

X Less statistics
p p +/ Easier (less particles)
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Photoproduction of the hybrid 7,(1600)

Lightest isoscalar with /€= 1+
Predicted by lattice QCD
Experimental evidence from COMPASS)

Gui

o(y p — (onm) _ p)

o(yp = onn’ AT

had/spec

I; /MeV

il

blTI'

f1(1285)7

30’*
20 = ,
n T
10 f1(1420)7
KK

nmw
1500 1550 1600 1650 mp [ MeV

[Woss et al., Phys.Rev.D 103 5, 054502 (2021)]

[Afzal et al., Phys.Rev. Lett. 133 261903 (2024)]
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Not yet seen in photoproduction

Need a better understanding of
production mechanisms!



Photoproduction of the hybrid 7,(1600)

Lightest isoscalar with /€= 1+
Predicted by lattice QCD
Experimental evidence from COMPASS)

GLE%/\/ (neutral) (charged)
pomeron < pion
exchange exchange
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[Woss et al., Phys.Rev.D 103 5, 054502 (2021)]

[Afzal et al., Phys.Rev. Lett. 133 261903 (2024)]
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Understanding pion EXCha nge [GM, Daniel Winney, et al. (JPAC), Phys.Rev.D 110 (2024) 11, 114012]

t
Simplest charge-exchange process is pion photoproduction ~ l n
.
Pion exchange diagram vanishes in the t-channel CM frame '\“\'\,\f'
|
In terms of Born diagrams, gauge invariance relates t-channel diagram (pion exchange) s !
and s-, u-channel diagrams (nucleon exchanges) — L
|
|
t /y/\\
Lo ) ,

0 1

> S T et

S 4 S 1 S

? \ — :
/‘\
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Understanding pion EXCha nge [GM, Daniel Winney, et al. (JPAC), Phys.Rev.D 110 (2024) 11, 114012]

t
Simplest charge-exchange process is pion photoproduction ~ l n
.
Pion exchange diagram vanishes in the t-channel CM frame '\“\'\,\f'
|
In terms of Born diagrams, gauge invariance relates t-channel diagram (pion exchange) s !
and s-, u-channel diagrams (nucleon exchanges) — L
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What about the Reggeized pion?

Axxn (8,8) =Y 2T+ 1) af s, () dl s, 5, (0)
J

| J
Y

J> M =1 No pion pole?

G. Montaia (JLab) - QNP2024



ReggEizatiOn Of pion EXChange [GM, Daniel Winney, et al. (JPAC), Phys.Rev.D 110 (2024) 11, 114012]

- Tk

1. Build an amplitude for the exchange of a particle of arbitrary spinJ >0

(gauge invariant by construction) v LT
V)\J (UJ VAJ-A (UJ)
A ) = : inf —a! ,, (Od! , _, (0 s
Adiny (8:0) ; T—alt) ax aa, (D)d3 x—a, (0r) s T Tl T4
1 2
Cx [
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ReggEizatiOn Of pion EXChange [GM, Daniel Winney, et al. (JPAC), Phys.Rev.D 110 (2024) 11, 114012]

1. Build an amplitude for the exchange of a particle of arbitrary spinJ >0
(gauge invariant by construction)

V)\J (o VXJ;A (o)
Ai{;\ixf(sat) = Z - T a(t§ = aiw)\f (t)dif,,)\i—xf(gt)
o —
. . 1
2. Analytically continueto /=0 X ——
vai

- Use the hypergeometric function

div’o(Gt) X \/j

t 2t .t
2XM A0\, ) ———— T —— (2\; N\ 0,
_O{(t)( 0 AZ)\f) /1 __Zt Zm’% . t( y Az)\f)

Aipy_;\(:)\f (8? t) X

G. Montaia (JLab) - QNP2024

- Tk

The spin J — 0 amplitude is finite!



Reggeization Of pion EXChange [GM, Daniel Winney, et al. (JPAC), Phys.Rev.D 110 (2024) 11, 114012]

- Tk

1. Build an amplitude for the exchange of a particle of arbitrary spinJ >0

(gauge invariant by construction) v T
V)\J (o V)\J-A (o)
A s,t - aats =al . ()d{ \ _ (0 S
Mg, (8:1) = ; T — alt) Mooy (Oda x,—x, (0r) o T, T, T4...
. . 1
2. Analytically continueto /=0 X —— /5\
- Use the hypergeometric function p n
J
d{_o(6:) < V'J
A0 (st A Grn ) i (MM - itude is finite!
)\.Y)\@-)\f(sa ) o (2252 AiAf) 1 (2 A Aixf) The spin J — 0 amplitude is finite!

—a(t) VI mZ—t

3. Sum the tower of exchanges (e.g. Sommerfeld-Watson transform, or using the generating function for the Jacobi
polynomials)

Axoaong (s,1) = AL, (s,8) + Z(2J+ 1) ax aon, (1) d3x, -, (01) o t(sR?)*™
J=1
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RESUltS fOr pion phOtOprOdUCtiOn [GM, Daniel Winney, et al. (JPAC), Phys.Rev.D 110 (2024) 11, 114012]

Reggeized pion exchange

Ai{fg’fif (s,t) o t(sR*)*®)

i ; :

:w E, =16 GeV |

0.00 0.05 0.10 0.15 0.20
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RESUltS for pion phOtOprOdUCtion [GM, Daniel Winney, et al. (JPAC), Phys.Rev.D 110 (2024) 11, 114012]

Reggeized pion exchange Adding the nucleon magnetic term

A?fifif(sat) x t(sR2)*) - Gauge invariant by itself

; ' I ] 0.5 T ! !

_ P F., =16 GeV ] AC

- ‘% ! o 041  E, =16 GeV i’\( i
. 1 0.3 F =

do /dt (ubGeV™?)

1.0F
E, =11 GeV e R=1/&

0.8F

0.00 0.05 0.10 0.15 0.20
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Photoproduction of nt and n’'nt

Meson resonances a0(980),a2(1320) 7
Y —p

70

M (1600)
p p

Baryon resonances

¥ 1 gl 7!

70 n

p p »
A(1232) P N*(1535)

Double Regge production

¥ no T

G. Montaia (JLab) — MULTIPARTICLES25
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Photoproduction of nt and n’nt

Meson resonances 0(980), az( 1320
0 With photon beam
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G. Montafa (JLab) — MULTIPARTICLES25 [COMPASS, Phys.Lett.B 740 (2015) 303-311]



Photoproduction of nt and n’nt

a0(980), a2(1320) 7
Y —

Meson resonances

0

M (1600)
p p

Baryon resonances

S VPR 0t
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Double Regge production
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e Clear signals of the a0(980) and a2(1320)

With photon beam

G

Preliminary

M(n)
With pion beam
1
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Photoproduction of nt and n’nt
e Clear signals of the a0(980) and a2(1320)

* Forward-backward asymmetry at high energies

Meson resonances ao(980), a2(1320) 7
T — 0 With photon beam n produced forward
M 1600 g
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1 20
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Double Regge n')rt at COMPASS

Fast n{)

Fast
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(@ fo +P)+ (1)

— (az,fz +P)+ (f2’f2 + P)

(ar.fo + P) + (2. o) + (. P)

Data (reconstructed)

Asymmetry originating mainly

from (a,, H/P) # (5, /-/P)
and from (P, P) iny'w

11

[L. Bibrzycki, C. Fernandez-Ramirez et al. (JPAC), Eur.Phys.J.C 81 (2021) 647]

Forward — Backward

Asymmetry =
Y M Forward 4+ Backward
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Double Regge model n)it photoproduction  (cu, vincent mathicy, et al. (1oac), arxivizo0s 000

Fast 1 Fast

1. Start from a vector-vector exchange model

Ax v = § (g’YV1P1 ngVng) g)\-y,)\’—)\K/\,y)\,\’
e (

2 ; 2 ;
mo my mvl —imy, Fvl — tl)(mV2 —1my, sz — tp)

diagrams

2. Reggeize

S
K)\,Y)‘)\r — K)\'Y)‘)\’ X R (Oﬂl(tﬂ-),ag(tp), Snmy Snps —>

!/
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Double Regge model n)it photoproduction  (cu, vincent mathicy, et al. (1oac), arxivizo0s 000

Fast 1 Fast

1. Start from a vector-vector exchange model

Ax v = (g’YV1P1 ngVng) g)\-y,)\’—)\K/\,y)\,\’
— E 5 . . |
i mo mo (mi, —imy, Ty, —t1)(mi, —imy, Ty, — 1))

diagrams

2. Reggeize

S
K)\,Y)‘)\r — K)\'Y)‘)\’ x R (Oﬂl(tﬂ-),ag(tp), Snﬂ-,Snp, —>

!/

vertex function [Shimada, Martin and Irving, Nucl. Phys. B 142 (1978)]

R, az,81,592,m) = fl&llﬁallv(@l, g, 1) HEian™ V (a2, a1, m)](a/s1) H(a's2)** T [(ar = DI(L — aq)] [(2 — 1T(1 — )]
AN

S signature factors

Ny

a’s189

G. Montaia (JLab) — MULTIPARTICLES25
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Double Regge model n)it photoproduction  (cu, vincent mathicy, et al. (1oac), arxivizo0s 000

Fast 1 Fast

1. Start from a vector-vector exchange model

Ax v = (g’YV1P1 ngVng) g)\-y,)\’—)\K/\,y)\,\’
— E 5 : : -
’ mo mo (mvl —imy, 'y, — tl)(sz —imy, Ly, — tp)

diagrams

2. Reggeize

S
K)\,Y)‘)\r — K)\'Y)‘)\’ X R (Oﬂl(tﬂ-),ag(tp), Snmy Snps —>

!/
" Sy Snp

vertex function [Shimada, Martin and Irving, Nucl. Phys. B 142 (1978)]

R, az,81,592,m) = fl&llf]allv(@l, g, 1) HEian™ V (a2, a1, m)](a/s1) H(a's2)** T [(ar = DI(L — aq)] [(2 — 1T(1 — )]
AN

S signature factors

Ny

a’s189

In the double Regge limit (s, sy x,sp, — 00, n ~ ct., Spr/Syp ~ ct.)

Exox ~ symsyp and Ky R~ Crst () spplto) =) g g, galts)maalto) s (i)

G. Montaia (JLab) — MULTIPARTICLES25
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Forward-Backward asymmetry (GM, Vincent Mathieu, et al. (JPAC), arXiv:2008.XXXX]

(Preliminary results)

The asymmetry is defined as (M = ,/5,,) of JEE
& 5T Forward
F M - B M :‘:, ackwar
A(M) _ ( ) ( ) < Backward
F(M)+ B(M) 2
The forward and backward intensities contain cuts in kinematic variables s
N
F(M) = f Qe dz do O(t, > ~2)0(ty > —2)0(syn > 4)0(55p > 4)0(5,p > 4.75) Vector-Vector model
B T QG s dzemd M2, " p " e wo 0; : : : : )
Sy (GeV?)
B(M) = /dzﬂgjdzcm do O(tr > —2)0(t, > =2)0(spx > 4)0(5p > 4)0(sy, > 4.75) -
QG s dzem dMZ, 00025 - - - -
\ Double Regge model .lf&
0.0020 | - A
and the physics model is captured in do o [Ax v ? -

0.0015 L Backward

dQcydzemdsyy

Sy (,U.h/(;(—?.vz)

= 0.0010f

do/d

0.0005

0.0000
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Forward-Backward asymmetry (GM, Vincent Mathieu, et al. (JPAC), arXiv:2008.XXXX]

(Preliminary results)

The asymmetry is defined as (M = ,/s,x)

& Forward
F M - B M f, Backward
A — EO0 = BO) : |
F(M)+ B(M) 2
The forward and backward intensities contain cuts in kinematic variables S

5 do Vector-Vector model
dQGszcmdMnﬂ- 4 5 G 7 ] 9
d Sy (GeV?)
_ 2 o
e | Double R del PAC
i ouplie hegge mode _
- 0.0020 F g8 M 1
100 T T T T T ] 0010 07 B ' ' ' T B
] I i I Forward
0.75 0.6 ;' % ’E 0.0015:— Backward A
0.008 05 E ] :‘;‘: [
0.50 F _ Cr Regge = o00t0f
o 04F Vector-Vector =
0.25F 0.006 E ‘;‘j _ —— Phase Space < i
< E 0.0005
0.00 F < E _
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Regge theory is a practical tool to model and understand meson production at high energies
- Step forward in understanding pion exchange in pion photoproduction (gauge invariance)

- Interesting physics in nU)it, in the resonance region (hybrid meson) but also in the double Regge region

Strong effort from JPAC to provide theory support to experimental analyses
(GlueX, but also CLAS, COMPASS...)

- Understand the data
- Provide predictions

- Close collaboration with experimentalists
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