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Exotic spectroscopy

Quark models are useful for insight

Mesons: qq
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glueballs or hybrid mesons or multi-quark states or molecules ‘

Baryons: 444

Observation is difficult:
- ‘exotics’ hide in plain sight since they have the same quantum numbers
- Large masses

Only structure to distinguish them




Unanswered questions

Role of glue?

Why did the quark model work so well up till now?

Why does it fail in the charmonium sector (XYZ)?

Can we extract the hadron spectrum directly from QCD?

Which rules govern hadron construction?



Hadron spectrum (from QCD)

Exotic
Dominant overlap with operators featuring
a chromomagnetic construction Beyond quark model (1600
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Spectroscopy programs
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Light-quark exotics: experiment
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Meson production

Example: z, production

> Exotic P-wave

P m

Energy scale separation: factorization possible

Knowledge of the production process required to carry out PWA
Multiple production processes required for confirmation



Production process
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S-matrix theory

SYMMETRY
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Sum rules
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Sum rules

Cross section (mb)

‘ T
Vs GeV

Connect low- and high-energy dynamics. H



Choice of amplitudes

Axian, (8,) = (p)

1
M, = QVWWUF“",

M2 = 275Q/LPVF#V .
M3 = '75'7uunHV ;
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My = —eagu,/yo‘q’BF“”.
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A;| I€ JFC n | Leading exchanges
A1 |07,171((1,3,5,..) " |[+1|  p(770),w(782)
AL107,17)(1,3,5,..) " |—=1| h1(1170),b1(1235)
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No kinematic singularities
No kinematic zeros
Discontinuities:

* Unitarity cut
* Nucleon pole

A= (w+h+w)+(p+b+p2)
A= (wt+h+ws)—(p+b+p2)



s-channel: truncated partial-wave analysis

§Al(s)ﬂ(zs)

[=0

e Various models available for extracting baryon

resonances (W < 2 GeV)
 SAID
* MAID
* Bonn-Gatchina
e Juelich-Bonn



Low energies
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Using the right degrees of freedom
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High-energy model

Regge pole model

S R
1)/ + e—iwa(t) ~ ’
A, t) = By a0
sin wa(t)
Dominant: vector exchanges
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Dispersion relations - FESR
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Analyticity results in Finite-Energy Sum Rules.



Finite-Energy Sum Rules

aft) +k A L
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Finite-Energy Sum Rules

[V. Mathieu, J.N. et al. (JPAC) 1708.07779 (2017)]
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Low-energy models (Nn)

[J.N. et al., PRD95 (2017) 034014]
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Ambiguities in the low-energy model (N-MAID)
— Mismatch with high-energy data

Possibilities
® Low-energy model inconsistent
e Cut-off not high enough
o High mass resonances!
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High-energy predictions

Natural dominant: X =+4+1

Unnatural dominant: x=-1
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Production process: example
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High-energy predictions

Unnatural components have little effect
®, h' components are subleading
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High-energy predictions

e Dominated by charged pion exchanges
e Modelincludes

o Absorbed pion exchange

o p, a2 exchange (cuts)
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Neutral vector mesons

e Pomeron dominates at high energies
e |[soscalar exchanges dominantly helicity non-flip (A=A’)
e Unnatural exchanges: only helicity flip (| A-A"|=1)
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Neutral vector mesons
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Meson production

Example: z, production

> Exotic P-wave

P

Energy scale separation: factorization possible

Knowledge of the production process required to carry out PWA
Multiple production processes required for confirmation



Kinematic singularities

Constraints from analyticity
e Reaction amplitude is a smooth function, i.e. analytic
e Dynamics introduces singularities (on the unphysical sheets, or the real axis)
e Spin projections introduce singularities related to their Lorentz transformations
o Track them down & remove them
o Create 'kinematic singularity free amplitudes’, where you can plug in the dynamics.

e Amplitude must be crossing symmetric: resonance properties are the same for different
kinematics

S-matrix theory: we do not use the underlying field theory, so no Feynman diagrams to help us out

Question: “What are the minimal kinematic factors to include to have obtain analytic amplitude?”

oo

Types of sinqularities:  Ay(s,t,u) = 4i > (25 + 1) AL (s) B (2)
™

=1\l
. J , :
e Half-angle factors: kinematic singularitiesint @/, (z,) = Z”’((zsi O (zs) = (VI—z) M (Vigz) M
AN\ %5
e (pseudo)threshold factors AT (8) ~pE (AL (5) ~ )

e s=0: little group changes
IoEp J |P) @ |pd M pu1 pr2) s="P> =0 P — (0,0,0,0)



Kinematic singularities

Tools in the toolbox:

e Helicity formalism
o Jacob, Wick, Annals Phys. 7, 404 (1959)

e LS formalism

e Covariant tensor formalism
o Chung, PRD48, 1225 (1993)
o Chung, Friedrich, PRD78, 074027 (2008)
o  Filippini, Fontana, Rotondi, PRD51, 2247 (1995)
o  Anisovich, Sarantsev, EPJA30, 427 (2006)




Kinematic singularities

e General covariant structures: scalar functions are kinematic singularity and zero free

Ax(s,t) = €,(A p1) [(p3 — pi)t— ; i (p3 +P4)”] C(s,t) + €,(A, p1)(p3 + pa)" B(s, t)

m3 — My
e Helicity partial wave decomposition + matching with covariant basis

1 i ) ) Cohen-Tannoudiji, et al. Annals Phys. (1968)
As(s,t,u) = — E 21+ 1AL ()& (2 Collins’ book
)\( T ) 47 i |>\|( J ) /\( )—/\O( S) Martin & Spearman book
]:

singularities in t
e LS decomposition

, 2§ —1,. _ , n; 274+3,. _ . ¢, i
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B T
e Covariant projection method: scattering LlHl X0 P) = g = gy — PP -q/s

D T2
pv S P pv PMPV\
Ax(s,t) = eu(Ap1) [ —9" + Xu(q,P)gs(s) + € (A, p1)Xpu(p, P) | —¢"" + Xv(a, P)gp(s)
Spin 1 isobar  P-wave (final state) D-wave (initial state)

B ™
e Covariant projection method: decay N iL 1
L1 B

2

prpr v prpr
A(s.0) = ) (<0 + ) Kol Plass) + e Oupi@onppal) 0 + T~ ) Xula. Plan(s)

Orthogonal to B




Covariant projection method

Based on the construction of explicitly covariant expressions.

Routine:

e To describe the decay a — bc, we first consider the polarization
tensor of each particle, €., (P1)

e We combine the polarizations of b and c into a “total spin” tensor,
Sus..us(Ebs Ec)

e Using the decay momentum, we build a tensor Lyui.....(Pbc) to
represent the orbital angular momentum of the bc system, orthogonal
to the total momentum of p_

e We contract S and L with the polarization of a

Advantages
e The procedure is recursive, and relatively simple for low spins.
e The tensor multiply the dynamic functions which contain resonances
and form factors




Kinematic singularities

l t p3,
B, p>
P4, K
5 20 Wl’th Blatt—Welsgkopf factors ‘
JPAC
CPM scattering
4l CPM decay
LS scattering 15y
7‘,\ LS deca 1
2 Y %
Q 3t <
~ X
o R o R |
T =
= ol =
5 ]
—
= =
= 05F
1 L
0 e 00—"%5 10 15 2.0 25
: : M2, (GeV?)
%auu— *
. . = E ; LHCb
Conclusions: S
3
@

e LS only gives correct threshold behavior (not pseudothreshold and s=0)

LS is relativistic

CPM is not crossing symmetric

CPM differs from LS

CPM yields redundant kinematic factors, which are not required by analyticity

[M. Mikhasenko, A. Pilloni, JN et al. EPJC78 (2018)] & [A. Pilloni, JN, M. Mikhasenko et al. arxiv today (?) (2018)]



Pole extraction
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e Unitarity, analytic N/D model

e N contains left-hand cuts (exchange forces)

e D contains right-hand cuts (resonance content)
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Exotic P-wave

m1(1400) 6P =1ma
LIGHT UNFLAVORED
(S=C=8=0)
16(JPC) 15 (7€) See also the mini-review under non-qq candidates in PDG 06, Jour-
T e nal of Physics G33 1 (2006).

o 17(07) ep3(1690) 17(3~ )
o) 17(0~ )| ep(1700) 17(1 7 7)
i ot =) | a(700) 172+ 71(1400) MASS
o f(500) ottty [ ep(1710) 0F(0*H) VALUE (MeV) EVTs DOCUMENT ID TECN  CHG COMMENT
® p(770) 1+(1—") 7(1760) [ (V| 1354 +25 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.
ew(782) 0 (1~ 7)|ex(1800) 17(0— ) 1257 +20 +25 235k ADAMS 078 B852 187 p— naln
©1/(958) ot~ *)| K(1810) ottt 1384 +20 +35 90k SALVINI 04 OBLX pp — 2nt2r—
ef(980) ot tt)| x(s3s) 20—+ 1360 +25 ABELE 99 CBAR 0.0pp — 7970y
eap(980) 10| x(sao) ?27(27Y) 1400 +20 +20 ABELE 988 CBAR 0.0pn — = a0p
e5(1020) 0—(1~ )| a(14200 17(1t ) 1370 +16 jgg 1THOMPSON 97 MPS 187 p— nrp

® h1(1170) 0;(1 i :) ® 3(1850) 0;(3 B J_r] e o o We do not use the following data for averages, fits, limits, etc. e o o

e by(1235)  1F(1 : )| m(870) 0f(@2—F) 1323.1+ 46 2 AOYAG 93 BKEI Tp— nwp

. ?I (l‘:f’ol ‘+(; pl +J o 7(1880) 1;(2 - i) 1406 +20 3 ALDE 888 GAM4 0 100 7~ p — na0n
* ,(1270) 0+( + +) £(1900) ) ; (1 b4 ) 1 Natural parity exchange, questioned by DZIERBA 03.

e f(1285) 07 (1 ) h(1910)  07(2 ) 2Unnatural parity exchange.

ep(1295)  0F(0~F)| a(1950) 1~ (0t

Seen in the Py-wave intensity of the nﬂ-o system, unnatural parity exchange.

e =(1300) 17(0 )| & £(1950) )
0a3(1320) 17 (2 )| p3(1990) )
o fp(1370) 0T (0T 1) | e H(20] +)
m(1380) 7—(1t+ ) 020) ot(ot ™)
[e mi(1400) 1—(1— F)Heau(2040) 17(4t )
en(1405) 07 (0 T)| efy(2050) ot(atT) GiPCr e =i =
ofi(1420) ot(1tH)| m(2100) 1-(2— ) 7T1(1600) 7(7) = 1717 7)
ew(1420) 0 (1~ )| #(2100) ottt
f(1430) of(2**+)| g2150) ot(2tT)
ea(1450) 1-(0+ )| p1s0) 1t ) m1(1600) MASS
4 ta1—— (2 AL
K {)(l 50) d } (1 — 4 } i [2170) 0+(1 + +J VALUE (MeV, EVTS DOCUMENT ID TECN  COMMENT
ey(1475)  0Y(0T )| #(2200) o0F(0 ) 8
e f(1500) ot(0*F )| (22200 of(2tt 1662F § OUR AVERAGE
f;(1510) ot(1+ ) oratt) +0 _ _
1660+ 10 420k ALEKSEEV 10 COMP 190 = Pb — n n xt Pb’
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Coupled channel: 2 poles in P
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Coupled channel: 1 pole in P

7 (D wave
it nx( ) n n (P wave)
> L >3000—
= [ ) L
s 120_— E C
8 T o500
& 100— € [
& F g |
E Wa000—
80— g
- 1500—
60— C
40— 10001—
20— 500[—
of- - T e—— 43
=1 | | b | 1 | 1 1 1 I 1 1 1 I 11 1 | | | 1 | 1 WE smew. WE _I_I_I_L _J_] J_l_‘ by L i1 '___]_ _|_‘ G4 | | el I L [ | L) i | 4 5 I
0.8 1 12 14 16 18 2 | 22 2 ' %/; s ' | e e leeiie bl er it
RS m, , (GeV)
n' © (D wave)
> F > =
[+}] - g -
34000:_ =5000—
s F s [
@ = @ L
£3500— £ r
S E 94000
= i
w3000 |
2500— 3000—
2000— C
= 2000—
1500 -
1000F— C
00E 1000{—
500 — -
o: o
- =1




Coupled channel: relative phase (P,D)
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Coupled channel: sheet structure

Wave 2 sheet 4 Wave 1 sheet 4

Wave 2 sheet 4 Wave 1 sheet 4
] ¥

Re {s

[JPAC, in preparation]



* Hunt for exotic mesons has started at Jefferson Lab

 Many analyses to understand the production process in
photoproduction processes

e Analyticity constraints are necessary to predict the naturality
of the exchanges

* Kinematic singularities must be removed properly before
hunting for dynamic singularities: scheme dependent

* Analysis of the exotic P-wave in COMPASS data with a unitary
and analytic model

Ongoing study: sum rules for n")1r



Backup




Kinematic singularities

q1, 1
W, by 92, 1 ¥, p1 lt p3,m
B,p» > > P33, 5,
rs, K B, p> ps, K
(a) Decay (b) s-channel scattering

Without Blatt-Weisskopf factors With Blatt-Weisskopf factors

: | : 2.0 T |
—— JPAC
—— CPM scattering
J —-—- CPMdecay
| LS scattering =~ L5p |
- o~
‘ -—-—- LS decay :
L >
. ]
S 3 <
: ¥
3 S 10) |
= o
5 2t 5
s o
s =
B ~
S i
051 |
1 L
0 0.0 == T 15 20 25

M2, (GeV?)



High-energy model

Regge pole model

J(m?) e |

At) = B ! 1 _I_e—moz(t)

sin o (t)

Dominant: vector exchanges

JPC

A; n | Leading exchanges

A |07,17((1,3,5,...)" " [+1 p(770),w(782)

AL107,17)(1,3,5,..) " |—=1| h1(1170),b1(1235)

Ag |0~ IF| (2.4,...)" |—1 p2(77),w2(7?)

Ag|07,11)(1,3,5,...) " [+1 p(770), w(782) VD =T
o= nmn,

A—
A—

(w+h+w)+(p+b+p2)
(W+h+w)—(p4b+p2)



TA photoproduction

J.N et al. (JPAC) [arXiv:1710.09394]

@ 5 GeV
8 GeV [
¢ 11 GeV
@ 16 GeV

T AT
10—3 [ [ [l [ [
00 02 04 06 08 10 12 14

V=t (GeV)

(jan=1 )

’7/\
//

g _J
71

o, A

From residue factorization:
v —t for each helicity flip
Not seen in data — contact term




TA photoproduction

J.N. et al. (JPAC) [arXiv:1710.09394]

do/dt(ub GeV ~2)

do /dt(ub GeV ~2)

10°

107

0’|](7T,b)

04 06 08 1.0
v —t' (GeV)

T T T
O--L(pv a277TN)

0.2

04 06 08 1.0
v =t (GeV)

1.0

0.5

0.0

—0.5

—-1.0

[}
00 02 04 06 08 1.0

Vv =t (GeV)

Data available at 16 GeV
e Tl-exchange is featureless and entirely fixed
e Strong interference pattern in natural exchange
sector
e Negligible role of b exchange

Fix t-dependence and extrapolate to JLab energies (9 GeV)




Using the right degrees of freedom




KT approach




1
e (Ap 1 +A_ 1) =V—-tAy

il
T (App—=A_41) =41
1
= (A r1—A_ 1) =V—tA;3

1

T (Af—1+A_ 1) =—A5=—(A1+tAs) (22)

Thus, at high energies the invariants Az and A4 (A; and
A5) correspond to the s-channel nucleon-helicity non-flip
(flip), respectively. Combining Eqs. (20) and ( we

obtain

S
A jq=——
S 5

(A5 + Ay) .

(23)
/2 i
A#fem By g (—f)n/ : (17)
where n = |(pty — i) — (—p1f)| > 0 is the net s-channel

helicity flip. This is a weaker condition than the one
imposed by angular-momentum conservation on factor-
izable Regge amplitudes,

" —— 2 (_f)(n+g_~)/2 . (18)

where n + = = |py| + |ti — pg| > 1. We summarize the



Spectroscopy (experiment)

forward calorimeter

barrel  time-of
LUE /\/\/\/\/ start calorimeter -flight —_

counter

target
S

photon beam

diamond forward drift
wafer chambers
e e ——— ‘ central drift
,‘; === B =i} \\ \ chamber
o | electron \ .
Slecson tagger magnet beam S“PO::":;C'I"Q
beam tagger to detector distance 9
isnot to scale
CEBAF
Large
Acceptance
Spectrometer

DC: Drift Chamber

CC: Cerenkov Counter
SC: Scintillation Counter
EC: Electromagnetic Calorimeter







Using the right degrees of freedom




Using the right degrees of freedom

/ s-channel



Using the right degrees of freedom

I IR T T T T T T

T T T

Cross section (mb)

\
; i

u={m+ M? \
. | EEY

u-channel

J

s-channel t-channel



Partial-wave expansion in any channel



Truncated partial-wave expansion

S O St i Oy

| | |
N S N =)
1 | | | |

\ s:u~l| annel




s-channel: truncated partial-wave analysis

§Al(s)ﬂ(zs)

[=0

e Various models available for extracting baryon

resonances (W < 2 GeV)
* SAID
* MAID
 Bonn-Gatchina
e Julich-Bonn



s-channel: truncated partial-wave analysis

EAI(S)PI(ZH)

[=0

* Analyticity, Unitarity, Crossing symmetry
* Look for poles on the second Riemann sheet
* Cutoff L increases as s increases



t-channel: no truncation possible

%AI(UPI(ZJ

[=0 Convergent here = 4}

\ /!

\
. 2o
u={m+ M?\
- \

u-channel Not convergent here




t-channel: no truncation possible

, 1 A(t, ])P (—Zt)

% Al(t)Pl(Zt) Als, £) = 2 /. sin'frJJ @

[=0
B
Alt ) = 5= o

y{ A(z)dz = 2mi Z Res, ., A(z)  butz=
C i

Complex J plane L
iy e e e o e e e e S

™

=4 « \
————— o > - —————— l

-3 -3 =110 2 2 3 4 § ¢ 7 & 9 N .
/  sinmJ
7 4
N e



t-channel: no truncation possible

'77'1,61— t RS A A A A
M (GeV?)
12(8) ~ m%l— {
Aat) ~ mﬁ —1
Solution a(t) = o/ (t — md) Py(z — +00) = 2/
Ao, ) = A et
sin wa(t)




v (GeV)






LHS4(AS) (GeV™?)

LHS,(AY) (GeV™?)
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FESR3(F) (GeV™")

0.05 5

0.00/ —

~0.05/ [0

~0.10¢ 0
[ LL

-0.15L = 0.0
0002040§0810 0.0 02 04 06 0.8 1.0

-t (GeV?) ~t (GeV?)

F3 = QMNAl — tA4
Fy,=As.



Overview

* Intro

* Dispersion relations

* Low-energy amplitudes (PWA)

* High-energy amplitudes

* Applications to s, photoproduction:
Finite-Energy Sum Rules



Dispersion relations - FESR

Ai(y’ t) ‘ y Fixed t
; ¢ _Ss"u
Crossing variable: v = Y
s-channel: + v
u-channel: - v
T+ e—iﬂ'a(t) i
Af (—v — i€, t) = & AT (v + i, t) —Bi(t) — (riv) @)1

/ A tm A7(0,0) () dvﬂ{ﬁf 0ty t)i;) ]

o @Y,

Nucleon pole Low-energy model Regge pole

Analyticity results in Finite-Energy Sum Rules.



High energies

Regge pole model

)
T _|_ 6—271'(1
A; r(v,t) = £6:(L))— 7’-1/1
R (1) Bilt) sin a(t) (r
Dominant: vector exchanges
A;| I€ JFC n | Leading exchanges

A1|07,17(1,3,5,...)" " |+1 p(770), w(782)

AL107,17)(1,3,5,..) " |—=1| h1(1170),b1(1235)

Ag |0~ IF| (2.4,...)" |—1 p2(77),w2(7?)

Ag|07,17((1,3,5,..)" " |+1|  p(770),w(782) vPnp,  A=wWthtw)+(p+b+p)
yn—nn, A= (wt+h+ws)—(p+b+p2)

,2=A1+tA2



Sensitivity to k

g A P e A a(t)
By (t) (%) —I—/ Im A7 (V',t) (V—> dz/’:/j*f’(t)( /V0) 0

-

~ a(t) + k

A
Bi(t) = W/o Im A; WA (v, t) vF dv

50 =3 wul
0.2 4.0l k=5 - yp = np i
3.0 k=9 02 Smax = (2 GeV)
e DO R = e e
o / & 20 & 01
—~02 =3 d k=3
j o 0 ] 1.0 Yp—>1np 2
k=3 EESEE 2] Smax = (2 GeV)? | 0.0 2 k=5 __ ]
/ : Smax = (2.4 GeV)~ 1 00 - /
—0.4}/ k=9 1 . < L0
, , , , ] —1.0L , , , , == , , , , , R -0.1}~ , , , , R
00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 10

—1 (GeV?) —t (GeV?) —t (GeV?) —1 (GeV?)



Matching: exchanges

o)

A I\ K a(t)
v (A/vo)
Im A (V. t) | — | dV|=257(¢ v
Nucleon pole Low-energy model Regge pole

C\'T\

T 020

=~ 0.5} .:

> : ]

< 0.10} .:

x 0.057

ﬁ}oo:................,,;
ang. mom. : Ay ~ 1 L 0002 04 06 08 10
single pole : Al ~ 1 Factorization —t (GeV2)

F3 —- 2 MNA1 - tA4






Low energies

A\ I// k
/ Im A7 (V',t) (K) dv’

™

Low energy models
* BnGa, Julich-Bonn, ANL-Osaka, SAID, MAID,...

------------------- 4 25
340 [
3t ImV'A[fm(v.l=O) [
SAID 3f 20f
MAID [
ANL-O :
34'0 15k 3400)
BnGa 2r lmV'AZ(TO)(V,[z()) o r lva4 (v, t=0)
= [
't 2 I
S 10f
l -
0 o T sf
0 [
[ L L L L : ./ i , . ; ok : :
W L2 14 1.6 1.8 20010 12 14 16 1.8 24 10 12 1.4 16 18 2.0 1.0 12 14 6 T8 20

W (GeV) W(GeV) W (GeV) W (GeV)



Formalism

7T0777(0_+) have
same production as

7‘-?7 771(1_+)

4
M. = My (s, t, /\7) A)\’;A B (S, f) = U\ (p,) (Z[k ux (p)l
k=1

|
My = Sy B
My = 2v5q, P, F" * No kinematic singularities

* No kinematic zeros

s — ljll/
M3 75WMQVF )  Discontinuities:

(4

N = e a, B puy * Unitarity cut
179 apuv? 4 * Nucleon pole



High energies

Regge pole model

)
T _|_ 6—271'(1
A; r(v,t) = £6:(L))— 7’-1/1
R (1) Bilt) sin a(t) (r
Dominant: vector exchanges
A;| I€ JFC n | Leading exchanges

A1|07,17(1,3,5,...)" " |+1 p(770), w(782)

AL107,17)(1,3,5,..) " |—=1| h1(1170),b1(1235)

Ag |0~ IF| (2.4,...)" |—1 p2(77),w2(7?)

Ag|07,17((1,3,5,..)" " |+1|  p(770),w(782) vPnp,  A=wWthtw)+(p+b+p)
yn—nn, A= (wt+h+ws)—(p+b+p2)

,2=A1+tA2



n O



Spectroscopy from QCD

Dominant overlap with operators featuring

* a chromomagnetic construction Beyond quark model
- - ] o=
- _— __ o4+ T T 1
1 4 m{{ 4 | | -
. - [ wm ot 27
_ —_— — 1 /] B i
- — 4 _+
3__ 1\/
27" 2=+
. Suppressed?
1000 - 7 e . Il my = 392 MeV
I 243 x 128
1=~ | ¢s
7 — I isoscalar Il
1sovector
0—+

Static spectrum from Lattice QCD [Phys.Rev. D88 (2013) no.9, 094505]



Completely determined system

5 ) : b15y+Jy+y
4 yl_:? bQEy—Jy—y
ngy Jx
= I

FY B - & & A
M ol MAPaAA = Mi=1,2,3,4

S~ T~ T —
N

e
|+
AGE

_’_
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Relation with experiments

(B1,T1,R1) (Bgo,T2,R2) Transversity
expression

5 (¥,0,0) (2,0,0) rf+r5 -3 -]

T (0, +y,0) (0, —y,0) r? — 12 — 2 4 r2

P (0,0,+4+vy) (0,0, —y) r% — r% -+ r% — ri

Cax (+,0,4x) (4,0, —=x) —QIm(alaZ +a2a§)
C, (+,0,4+2) (4,0, —=2) —1—2Re(a1az —a2a§)
Oy (—I—%,O,—{—m) (—}—%,O,—w) —{—2Re(a1a2 —|—a2a§)
O, (—}—%,0,—{—2) (+%,0,—z) +21m(a1az —azag)
E (+,—2,0) (4,+=2,0) +2Re(a1a§ —CL2CLZ)
F (+,4+x,0) (4, —=,0) —21m(a1a§ —{—a2a2)
G (+%,—|—z,0) (+%,—=2,0) —QIm(ala;; —CLQCLZ)
H (#2354, 0) (L, =, 0) +2Re(ajaz + agay)
Ty (0, 4z, 4+=x) (0,+4+x, —x) +2 Re(alaE +a3aZ)
T (0, +=,+2) (0,4+=, —2) +2Im(ajaj + aga})
L, (0, 4+z,4+x) (0,4=z,—x) —21rn(ala>2k —a3aZ)
L, (0, 4+z,4+2) (0,+=z, —=2) +2Re(a1a§ —a3aZ)

B, T,R : :
g—g( ). cross section for given

beam (B), target (7 ), recoil (R)
polarization
m Asymmetries
do (B1,71,R1) _do (B2,72,R2)
Q dQ2

. .d
d d

(0,0,0) 4
3—5 — izz':l ’bi,Q

a; = b; = 105

V161124 b2]2+|bs |2 +|ba|?

A ‘complete set’ is a minimum set of observables from
which one can determine the underlying amplitudes (b )
unambiguously:

8 well-chosen observables (chiang et ai. Press (1997);
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Impact of polarization observables

3m/2 3m/2 3m/2

‘mathematically ‘practically
complete’ complete’
QU EStionSZ i 075 5.0‘25\0\245\4. 050205 02

1) Given 2 models, which measurement would help me distinguish the two scenarios?
2) Given the currently available data, what is the highest impact measurement?

Approach 1: Approach 2:
‘Completeness is related to a certain ‘Completeness is related to model distance’
information content in amplitude space’

AM = \[(DIMo, MIP) b ey
B = / p({xi}) log p({xiHd i}, V B



Approach 1: information content

. : =
e Map the posterior in amplitude and observable _ 3K | [llreland, PRC82 (2010)]
£ 305\ | 21 bitsis a complete set
space S psE\
e Evaluate the entropy 8 20E
£ 5
é 10%—
et E
S of

H(P) = [ POMI{AZ))log, PIMI{A77)) dM

wn S W

6 I — 1T T T 1.9
- H(r)) —— 1
5.5 n 9, H(l’z) B 1.0
o i X H(r3) —*— 1
sE H(ry) —a- 3 .5 -
. . by B H(61) a1 3
z F N | H{) s > 0.6 =
& 45 e B, Se S| H5R) - = w o
— - B, e N ( 3) ¢ - [~
T I v L S N ‘ 0.4
5 UKL \F"'f,:,. . TE. -
4 T \\*g_ L ro =
: R st 5. Pn 0.2
[ % X e B .
35 F ’*‘me7XvTV;1 0.0
3: I | I T T LA M W 9 p ¥ T BR

7 8 9 10 11 12 13 14 15
Nobs
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Approach 2: model distance

* Map the model distance
* Map the data resolution

e Data resolution must be much

lower than model distance
(Rayleigh statement)

0.0

1 [ ] | | 1 1 |
1.718192.02122 -0.5 00 05

W (GeV) oS O¢.m.

Q

AV
EAV+CLAS
CJALL

= D[RPR-2011, KM]
DIRPR-2011, BoGa]

= DIRPR-2011, Reggel

= D[RPR-2011, RPR-2011%]

1.7

log(entries)

1.8

1.9
W (GeV)

|
2.0 21

T T -
220  71/2
D(cos fem.)

DIRPR-2011, RPR-2011"]

W el !

D[RPR-2011, Regge]

"I\

DIRPR-2011, BoGal

N

DIRPR-2011, KM]

0

7rl/4
D



Concrete: model-independent predictions

* Project information in amplitude space onto observable
space

* Clear effect of measurements by comparing posterior to
prior

2 unmeasured observables: TX and F

1[] 2 2 2 2 2 3 2 2 1(] '_I? 2 g 3 2 [
0.5 - : u.a-b -_--_' o |
—-:.;:—
= 0.0 i T & 0.0
- —— —
—0.5 - —0.5 __.—-5—‘
-— _-
_1 [j L] L] L] L) L L L] L] _1.(] L L] S L} L] L] L] L]
—06-04—-02 00 02 04 06 0.8 —06-04—-02 0.0 02 04 06 08
COSBem. CcOS fem.
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Classical analysis: point estimates

o data

>
------- model A: 2 parameters

—— model B: 20 parameters

Conventional way of discriminating between models M4 en Mp

m )’ = measure for model-to-data bM ﬁ
distances A

m L(a) = x*(a)-distribution | MB
m max [£(a)] < min [x*(a)] Q
m Model selection on the basis of

minimal y? values 0

Y

m Adding parameters often reduces the a
x*: the most complex model wins

+ Let’s go beyond point estimates
+ Including ‘naturality’ of parameter values (prior)



Extract the amplitudes from synthetic data with a realistic 10% error
/2

37/2 37 /2 37 /2 37 /2
(i) “mathematically complete set” {Afo}l = {5—6, N, T,P,Cs Ok, E,F}
(i) {A7 P}y = {A7 P + {C:, O, G}
(iii) {A; " }s = {A} " Y2 + {H}
(iv) {A7P}s = {ATF}3 + {Tx, Tz, Ly, L}

Qe
30/33




Production process

— 7,17(0~") have
Jefferson Lab

' same production as

T e . 77(1)7771(1_+)




Neutral meson production

'N YN — nN

Need information on t-dependence
G| (T S P S
150¢ 5
100
0.70,
0.50

030+

020,
) 0,15

GeV
=

d g/dt ( b/GeV?)

do/dt (ub
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[V. Mathieu et al., PRD92 (2015) 074013] [J.N. et al., PRD95 (2017) 034014]



Analytic constraints
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Connect low- and high-energy dynamics.



Finite-Energy Sum Rules

\ ~
) (V"‘S)

OUTPUT

High energies: Regge theory (meson exchanges)

Low energies: partial-wave analyses (baryon resonances)
e SAID, MAID, Bonn-Gatchina, Julich-Bonn,...




High-energy model

* Contribution from photon and baryon vertex
e Suppresses amplitudes in forward direction (t=0)

\/_—t|u3—ull

0_ s  m o wy - T Ty s
0 1 2 3 1 5 6
/_t|:u4_,u2| M (GeV?)

[%“”/ ] Apguggin (8,1) = Bk (0)B)5 " () R(s, 1) /

\Sa(t)




Choice of amplitudes

Axian, (8,) = (p)

1
M, = QVWWUF“",

M2 = 275Q/LPVF#V .
M3 = '75'7uunHV ;

7
My = —eagu,/yo‘q’BF“”.

2
A;| I€ JFC n | Leading exchanges
A1 |07,171((1,3,5,..) " |[+1|  p(770),w(782)
AL107,17)(1,3,5,..) " |—=1| h1(1170),b1(1235)
A3|07,17| (2,4,..)" " |[-1 p2(77),w2(7?) Np = mp,
Ag|07,17((1,3,5,.) " |+1|  p(770),w(782) T

No kinematic singularities
No kinematic zeros
Discontinuities:

* Unitarity cut
* Nucleon pole

A= (w+h+w)+(p+b+p2)
A= (wt+h+ws)—(p+b+p2)



Finite-Energy Sum Rules
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Finite-Energy Sum Rules
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Finite-Energy Sum Rules

[V. Mathieu, J.N. et al. (JPAC) 1708.07779 (2017)]
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Combine energy regimes Two applications
® Low-energy model e Understand high-energy dynamics
® Predict high-energy observables e Constraining low-energy models




Photoproduction of neutral mesons

T° and n photoproduction
® Same exchanges
O isovector more important for n
e Very different cross section
o T1°:dip (W)
o n :featureless (p)

'p
1 0 0
+5(Au(7°) + An(x%)
\,I T T T T T T T T T T T T T T
D R e e e s { { }
1.50 f ' —
1.00¢ Yp > mp W : # i ¥YpP np
0.70 . : [? % {{
0.50] . .
“g 030 . q ) % . { t
Q 0.20 rfl-\ - o
Q 0.15¢ E { { } {
g 0.10F -.é ook . R
5 1.
_Ed: JFC 7 |Leading exchanges { { : q
(1,3,5,..)" " |+1|  p(770),w(782)
(1,3,5,..)7 7 [=1| h1(1170),b1(1235) | cev * $:
‘ ‘ ‘ ‘ ‘ o ‘ ‘ 6 GeV
“1a 212 Z100 0 o8 —06 —04 | As|om 1] 24,07 =1 pe(?),we(27)  fpoev +

2 0. 06 0.8
t (GeV?) A0, 1] (1,3,5,.) " [+1]  p(770),w(782) )



Low-energy models (Nn)

[J.N. et al., PRD95 (2017) 034014]

D+

W (GeV) W (GeV)

Ambiguities in the low-energy model (N-MAID)
— Mismatch with high-energy data

Possibilities
® Low-energy model inconsistent
e Cut-off not high enough
o High mass resonances!

dé/dt (ub/GeV?)
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Predictions for GlueX & CLAS
N = 41

71— 0| _ lpt+wl~|b+hP e

Y — _
oL+o [pt+wl+[b+h[? S=—1 : bh
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Fill up the dip with natural contribution: p



N’ photoproduction

__dJL-—dUH
B dO-J_—|—d0-H

Z,

V.Mathieu, J.N. et al. (JPAC) [PLB774 (2017) 362]
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Based on the FESR for n:
predict beam asymmetry for n’
e Same exchanges
e Natural exchanges (p,») dominant
o  Couplings from radiative decays
o Mixing angle cancels in ratio
e Unknown behavior of
o ¢ exchange
o unnatural exchanges (b,h)

Prediction: = same beam asymmetry




TIA photoproduction

do /dt(ub GeV ~2)

02 04 06 08 1.0

V=t (GeV)

T 1 T T
Ul(pa a277TN)

0.0

0.2 04 06 08 1.0
v —t' (GeV)

(m+ az@ﬂ)/ V3

AO

\

Data available at 16 GeV
e Ti-exchange is featureless and entirely fixed
e Strong interference pattern in natural exchange
sector
o Negligible role of b exchange

Fix t-dependence and extrapolate to JLab energies (9 GeV)

~

[J.N. et al., PLB779 (2018)]



TIA

photoproduction

_______ B.G.Yu (Ketea Aerospace Ur) -amiw1611.09629v5 (16 GeV)

————¢_J. Nys (| PAC), arxiv: 1710.09394v1 (8.5 GeV)»

-~ ———
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Comparison to GlueX data
e Confirmation of interference pattern
e High -t: natural, low -t: unnatural
e Mismatch: oddly behaved 11 exchange
© Ongoing analysis
o Experimental or theoretical?

N""I' S _3 (;(‘\v

t ukasz Bibrzycki (Cracow)



Neutral vector mesons

e Pomeron dominates at high energies
e |[soscalar exchanges dominantly helicity non-flip (A=)
e Unnatural exchanges: only helicity flip (| A-A"|=1)

(K, Ay) Vg, \v)
. E
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[V.Mathieu, J.N. et al., (2018) arXiv:1802.09403]



Neutral vector mesons
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[V.Mathieu, J.N. et al., (2018) arXiv:1802.09403]




Theory support for GlueX and CLAS with JPAC
e Various photoproduction reactions analyzed
o TIN, A, NN, n'N + many more
o Comparison to first GlueX data
m Unnatural exchanges negligible
m Natural exchanges dominate
o Importance of analytic constraints (FESR)
o Connection between baryon spectroscopy and
high-energy data
o SDME predictions for neutral meson prediction
(Pomeron dominated)
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NEWS

Photoproduction:

. High energy model for mA photoproduction beam asymmetry: (in construction)
. High energy model for pO, w, ¢ spin density matrix elements: yp — Vp page

. High energy model for 77' photoproduction beam asymmetry: yp — 77(’) p page

. High energy model for n photoproduction: yp — np page

. High energy model for 0 photoproduction: yp — 7'p page

. High energy model for J /1 photoproduction: yp — J /vp page
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Finite-Energy Sum Rules
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Finite-Energy Sum Rules
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