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Search for exotic hybrid mesons in photoproduction with GlueX at JLab

« Understanding the production mechanism in light meson photoproduction reactions is essential for the successful analysis of the data.

« Amplitude analyses of multi-meson final states require models for production amplitudes of several processes.
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Gloria Montaia - Forward pion photoproduction with Regge phenomenology

Begin by understanding the production mechanism of non-exotic mesons.



Polarized photoproduction at high energies
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« Beam asymmetry
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Unnatural exchange

q) =Z —
2 ©=0 Natural exchange

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

Focus of this talk: pion exchange mechanism in pion photoproduction
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 Linear photon beam polarization used to filter out the “naturality” of exchanged particle.

— Unnatural ( P(—1)7 = —1) parity: 0—,1",27.,37, ...
— Natural (P(=1)7 = 1) parity: 07, 17,2%,37,...

« At high energies, single meson photoproduction dominated by exchange of Regge trajectories in the t-channel.
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[GlueX Collaboration, Phys.Rev.C 103 (2021) 2, L022201]



Reggeon trajectories
a C
« Families with same quantum numbers but different spin J (even or odd). , , 1
Real particle with
 Almost straight lines (Chew-Frautschi plot) massmandspinj ¢t —m?
« In standard Regge theory parameterized by: a(t) = &'t + ag
b d
-
6
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a C

Reggeon with
mass +/t and spin a(t)

b d
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M? (GeV?) —imo(t a(t)
[V.Mathieu et al., Phys.Rev.D 98 (2018) 1, 014041] PRe . = Tl'CY’ 1 > 776 ( ) i 1
&8 sin (wa(t)) 2 50 (14 at))
ax(t) =0.7(t —m?2) = 0.7t — 0.014
9 poles for _ cancel
ap(t) = 0.9(t —my) +1 = 0.9t + 0.466 integer a(t) signature asymptotic  non-physical poles
factor behavior
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Implications of Regge pole amplitudes

Factorization
Amplitude for particle exchange “factorizes” The reggeon residue 3(t):
(follows from unitarity).
a c - Contains all information about incoming
a ¢ and outgoing particles.
1 _ _ . .
Als,1) = go. — Gba Relqted to the reggeon-hadron interaction
t—m vertices.
- Satisfies factorization: 3(t) = B..(%) ()
b d
b d
Power law energy dependence Phase
~ (t) . —ima(t)
A(s, t) ~ s° The phase comes from the signature factor: 11"
o 1A )2 = 5202 o ’
dt  s? ’ Exchange degeneracy (equal trajectories with opposite

ignat leads t tati tant ph .
Leading Regge poles (biggest a(t)) dominate asymptotically. signatures) leads to rotating or constant phases

» Corrections to these hypothesis, usually ~10-20%.  [7.Ws et al. (JPAC), Phys.Rev.D 98 (2018) 3, ©346260]
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Reggeization of pion exchange

» The exchanged pion is expected to reggeize. i ¢
* In the Regge-pole approximation: v %\r o T v
: o I
1 ,  pRegge _ mag 1+ e~ iman(t) S = (1) _i : s i
t —m?2 ?T 2 sinmag(t) S0 /'/I\\
Pion trajectory: ax(t) = o/ (t —m?2) with o =0.7 p n p

Rigorous reggeization: explicit exchange of Reggeons in the m trajectory, and sum the series of t-channel partial waves.
Y(k) + 7 (=px) = N(=pi) + N(py)

“l)\ry)\l)\'z (‘Sat) - (2J 1) CL{ i (t) di Ai—A (6t)
e i ¥ f
J

J=0,2,4,...
P=—

partial wave Wigner function
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Exchange of arbitrary spin J¥ = (even)~

« Build partial waves for the exchange of arbitrary spin:

Y L=1 J=0

1" ®0" =17 one L vstwo L's
\“\.\,J\i» “ L={J-1,J+1) J> 02
{// . .
Ve Vi, (J) = 2v/2e, | k! KT, (R APt — (k- pr )k - KT (B Ay | €6y (M) Sauge invariant
T y construction
N 1t o1 NF
JP 5 &) 5 = 0" a1 L=J V)\i)\f(J) = gP”l ce PVJE,,I...,,J(]\/f)ﬂ}‘f (pf)’\/5v)\i(—pi) (P" = pf; +p?)
F _ 1 vyi_1 bard v .
helicity helicity flip V)\z')\f (J) =gP"---PY €y (M)u)\f (pf)’}’ T 50, (—pi)
non-flip
N

1
Vi, () =——=Vax, (J) = af_x.x, (D55, »,(01)

. 7 . o [J 41 7
partial wave (J > 0):  aj_x,, () = (2o, e\ | —— (—2pike) "t
Regge pole propagator J — ax(t) J
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Analytical continuationto J =0

» Reggeization of the pion trajectory requires the summation of partial waves with 7 =0,2,4, ...

A)\v)\lA‘z (87 t) = Z(2J + 1) a’;\ffy)\iAf (t) diwAif)\f (Qt)
J

... but we could only write gauge invariant partial waves for .J > (. The expression diverges for .J = (.
2€,4 J+1
ai,)\i)\f(t) = J—W(z)\z’fhw\f)cg\/ T(_thkt)Jt
J+1

» Wigner d-functions can be expressed in terms of Jacobi polynomials, d{w (0;) = Td}\”’“ (0,) P71 ()

which satisfy the symmetry property P (—z) = (—1)"P(z)
2Zt

B .

and are defined via the regularized hypergeometric function: %(P}l_l(zt) — PiLi(—2))

* The contribution to the amplitude from .J = 0 is finite!

t
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Spin summation

« For high spins, the coupling reflects the internal structure of the hadronic radii: g = o/ g.nnhs(rirs)” effective zero

. . . . . l] .z
- The kinematical factor has alternating poles and zeros for .7 < 0. We approximate: c%h;(2ryry)’ — J’_—pL‘?R”
z P
hadronic radius

» We write the reggeized amplitude as:
effective pole

Ag{ji%i:(s,t) = _iQengNN)\'}’(zAié/\iAf )t X Pr

(27 +1)(J + 1) jp J + j:
2J(J — ax(t)) j= J +jp

Pir:d: = —ia'sin 0, E

J=0,1,2,...

1 _ 7 7 ! _ ’
(_HJ)J§ [P,L/\’H NNy P}’YﬁA 1Ay =2 I(_Zt)} (k = piky R?)

... and use the generating function of the Jacobi polynomials to perform the spin summation:

Pivids (5,1) = PI=0 _ o’k sin 0, / dy [L n y_ajp(oz + jz.)(oz + 1.)(205 +1) 4y (- —jp).(l - Ip)(1 — 23p)]
2 0 — Oéjz(Oé—i_Jp) Jz(j;o—i_a)
1 1
2 — (2 = — i — 2 :
8 [G(zt, y) (1 + G(z,9))% — (ky)? (2 Zt)] with G (2, y) = /14 2k2y + (ky) solve numerically

consider the dominant contribution of the Regge pole, P27 (s,¢) = 4 [1 - (1 — (sR*)™ T,Qﬁ la+3/2) )] + 0 (i)
in the limit of high s. Q sinta () sip
' m2ymT(a+3/2)

2y«
asinta  T'(a) (sF°)
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Results

[G.Montana et al. (in preparation)]
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Charged pion photoproduction within Born models
g .t
’\,\’\’\f"f
« Description at low energies in terms of effective Lagrangians. 1
I 7
« High energies: reggeization of the pion Born diagram. :
p /\\ n

Known issues

« What is pion exchange and how does it reggeize?

10 :
« Cannot describe forward cross-section data in yp — n*tn (same for np — pn). ® THS EXPERMENT
= ELINGS et al, S
0 0 BUSCHHORN et al. a
. i 3
Proposed solutions Y ; i
o . I
« Existence of parity-doublet conspirator of the pion. 3 *E * 3
[J.S.Ball, W.R. Frazer and M. Jacob, Phys.Rev.Lett. 20 (1968) 518] E C :
S
. . . . % g0l —
« Regge cuts and absorption (final state interactions). 3
[F. Henyey, G.L.Kane, J.Pumplin, Phys.Rev. 182 (1969) 1579] E ]
0001 i £, 007<[tl<086 ! 03<Ir||¢2_2 |
* E e A 8 A | ___EI_H =
« Nucleon Born terms. H ;E:&;Eﬁ;&wﬁigﬁ :
[L.Jones, Rev.Mod.Phys. 52 (1980) 545] [ Iaqma;mxmlsaiumbsa+mc342+om ]
0,000 L . ' - I N
o] 02 04 0B 08 IO I 2 1.4 (K= .8 20 22

-t (Gev/e)?

[A. Boyarski et al., Phys.Rev.Lett. 20 (1968) 300]
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Adding the nucleon Born diagrams

« s-channel reaction: (k. py) + N(pi, i) = ©(px) + N(ps, pig)

* Helicity amplitude: Ay i, = Uy (Pr) €, (k) - T, g, (i) The current is not conserved.
The amplitude is not gauge invariant.
t - channel Born diagram The cross section is frame dependent.
v (K, py) 7 (pr)
’\/\,\,\/\Mr”r—
Y7 (@)
/\\
N (pi, i) N (pf,pr)
o
L q pﬂ'
J‘li.,;,t.t,f,f: = _\/ieﬂgTFNN tt_ m2 /}/5

T
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Adding the nucleon Born diagrams

« s-channel reaction:  v(k, p1y) + N(pi, ti) = 7(px) + N(ps, pt5)

« Helicity amplitude: A, 0, = Uy (D)€, (k) - Tt (i) i, = J[jmm + s Tl The total current is conserved.
t - channel Born diagram s-channel u-channel
k B
v (K, py) M,—V"’W(p ) v (K, iy) ?T(pﬂ)
Y 7 (gt)
/\\
N (pi, 1:) N (pf,pf) N (i, 1) N (pg: iy) N (pis i) N (pyby)
o
Qg — D _ +m g, +mp
P 14
* Separate electric and magnetic contributions: A, ..., = A} ... + AL .
A — 9 oy Pr) |y ) G PO L ()
Py pifty grNN |Cx t —m2 EN; S —1m2 eNf U — m2 u,uf Ps)Vslp,; \Pi
T P P
dominant contribution vanish

EN; EN _
Aglq«;mbf - \/ﬁgWNN [s — m?2 + U — ;,12 Upy (Pf)%kﬁ(ﬂ,,yuui (p@)
g jZ
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Electric term in the t-channel frame

» t-channel reaction:

Yk, Ay) + T(=px) = N(=pi, Xi) + N(ps, Ay)

(ex, - Px) (ex, - Di) (ex, "pr)] -
AN, = 2v2¢, N v [eﬁtiim% ten — 2 + GNIW ux, (py)ysos, (—pi) .
« Using momentum conservation and electric charge conservation (en;, = ex — eny):
‘ (ex, px) | (ex, - (pi +py)) . i .
e . — 2\/5 c ¥ + 24 Minimal gauge invariant (m.g.i.)
Ay Ai Ay gTrNN|: 71'( t— m2 s —u
n leN. (e, - Px) + (ex, - (pi +p5)) t —m2
2 7P\ s — mg s—u 5 — mg

1 (f)\7 “Pr) (GAﬂ, (pi +pyf)) t —m?2 ~
26Nf ( 'U,fmjz) + s — U u7m2 u/\f(pf)’}%v)\,( pg)

p

subleading at large s

m.g.i (ex, -px) | (ex, (P +py)) . t _
AV, (1) = 2V2g, NN er ( —— T 7 Py ~ _Zzewgﬂ'NN’\'y(Q)\i(S)u)\f)m = Ai,}g)\f (s,t)
vanishes

dominant contribution
« Gauge invariance relates the pion and nucleon exchanges.

« The nucleon exchange diagram originates the pion pole in the t-channel frame.
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Magnetic term

[G.Montana et al. (in preparation)]

» The magnetic term is gauge invariant by itself. | — VGL PAC
L — Elementary ]
—— Regoeized R = +/1/2s
EN. EN _ 83 /<50
m . i f . -
A'[,L,.},,u.ipf = \/ZQ'WNN s — M2 + w— M2 Uy ¢ (pf)'ﬁ)kfi[‘u,y Up, (pz) = -==- Reggeized R = 1 fm
T 0.3E Reggeized with I'F 12 = /1 /2sq .
~ /L,YQgﬂ-NN(eNt. — EZNf)(SMﬂMé‘_M”Lf E Reggeized with FF R = 1 fin
; : §  Boyarski et al.
, , , =02
« At ¢~ 0 the electric term of the amplitude vanishes. =

—————

/

do /[«

* The magnetic term has small dependenceiin t.
0.1

* Size of the cross section agrees withthe dataat ¢t ~ 0.

[] 1 1 1 1
A 'H.UU 0.04 0.08 0.12 0.16 0.20

« Corrections: add form factor to magnetic term  3(t) = Az Wwith A~ 1 GeV 1 (GeV?)

« Comparison with the VGL model reggeizes by multiplying full Born amplitude by (¢ — m2) x Pregge

[M.Guidal, J.M.Laget and M. Vanderhaeghen, Nucl.Phys.A 627 (1997) 645-678]

Gloria Montaia - Forward pion photoproduction with Regge phenomenology



16

CONCLUSIONS

« A precise comprehension of the production mechanisms is crucial for the light hybrid meson searches.

« At high energies, meson photoproduction reactions are dominated by the exchange of Regge trajectories, in particular, the pion
trajectory plays a major role at low momentum transfer.

» How do we reggeize the pion in an appropriate way?

- Current conservation requires the nucleon Born terms (gauge invariance).

- It was not clear how to add t- and s-channel consistently without double counting: t-channel and s-channel partial wave series
should independently represent the full amplitude.

- Examination of the analytical .7 dependence emerging from the contraction of the vertices coupling ywand NN to J = (even)~
reveals that it is analytical at.7 = 0 and physically contains part of the (s-channel, or u-channel depending on charge) nucleon
exchange.

What's next?

« Revisit the pion exchange in 7» — 7~ A"" and understand A** SDMEs.

- Extension of the formalism to natural parity exchanges. MC

EXOHAD ®

EXOTIC HADRONS TOPICAL COLLABORATION

« Amplitudes for photoproduction of b, as, 71 with proton and A recoils.
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