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We extract to high st tical prec jon an excited gpectrum of sing‘,lv-particlc isoscalar mesons
using lattice QCD, including states of high spin and, for the first time; light exotic Jre jsoscala
The use of a novel quark field construction has enabled us to overcome the long-s anding challenge
iently including quark-am\'\hilat'xon gributions. Hidden-flavor mixing angles are xtracted
and while most states are found 0 be close to idez flavor mixed, there are example

mixing in the pseu oscalar and axial sectors in line with €3 iment. The exotic Jre jsoscalar
states appear at a mass scale compa\m\)k‘. to the exotic isovector states.

Introduction: Mesons which hav all flavor quantum JPC with Lypicany lo tatistical precision 3 5]. Glue-
pumbers equal to Zero known as 1808 alars, form 2 par- ball studies, W hich produce exceptionaﬂy clean spectra
ticularly interesting sector of QCD, the gauge field the- in the q\xark—less Yang-Mi se (6], ¥ »come challenging
ory of quarks and gluons. They can be cons\'mcted from in QCD through strong coupling to the quark sector M.
quark- antiquark pairs of any flavor or even from states In this letter we present the isoscalar meson spectrum
of pure glue, and in general the QCD eigenstates will be for a si gle choice of light and strange quark mass lat-
Superpositions of these P sib states which mix tice spacing and volume across multiple Jre, excluding
through quark annihilation- he spectrum the 0 case which is of sufficient interest to justify @
and hidden-flavor content of ar mesons W an in- separate publica&ion of its own. This extends the WO

fer a phenomeno\og‘,y of annihilation dynamics in QCD. reported in (8, 9] for isovector and kaonic mesons, taking
advantage of many of the techniques developed therein.

Empirically it is found that many 1ow-lying is0!

mesons come in identifiable pairs with a strong pre Lattice te nology:  We compute the spectrui of
ence for ideal flavor mixing; prominem examples include isoscalar mesons using s of operators of the form
w, ¢ where the admixture of into the dominantly o4(t) = % arfu+d C04() = . where U,

¢S

‘}/‘(\‘wﬁ} + |dd)) wis estimated t0 be below 1 Sim-  d, and s ar€ the up, down and strange quark fields, and
the tensor mesons, 1.2(1270)‘ f.’2(1525)‘ where the he e operators acting in space color, and Dirac

lighter state decays almos entirely into ™7 and the heav- = | space [10] on @ time slice, t- We combine these

ier into K K suggesting mixing of at most 1% [1). There operators to construct two-point correlators of the form

are notable exceptions to the dominance of ideal flavor > \ 1t \O‘J; (i’)@‘g Uj)\()) which, after integration
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has su ted interpretations featuring light and strangeé

qd, 9999 states, gluebans and meson-meson molecule 2). The quark fields in O are acted upon by & «distilla-

Our aim here s to extract an {soscalar meson mass tion” smearing operator that emphasizes the low moO-

spectrum and study the hidden-flavor composition of mentum quark and gluon modes that dominate oW mass

the states using lattice QCD computations: This is 2

challenging undertaking for .veral reasons: It requires

lattice gauge configurations with d mical light and

strange quarks in order that the flavor mixing appear in

a unitary manner, while evaluation of the di connected A(L) = Vi I“{‘Vt, where Vi are the eigenve

correlator contributions that distinguish isoscalars from ga\\ge—covariant \hree—dimensional Laplacian operator o

hadrons 19, 10]. This smearing can be factorized al-
lowing the “perambulators"‘ Te> and the zero momen-
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We extract to high st tical prec jon an excited gpectrum of sing\c-particlc isoscalar mesons
using lattice QCD, including states of high spin and, for the first time; light exotic Jre jsoscalars.
The use of a novel quark field construction has enabled us 0 overcome the lon anding challenge
of efficiently including quark-am\'\hilat'xon gributions. Hidden-flavor mixing angles are extracted
and while most states are found to be close to ides flavor mixed, there are examples of large

mixing 11 the pseu oscalar and axial sectors in
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Introduction: Mesons which have all flavor quantum
pumbers equal to Zero known as isoscalars, form a par-
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ory of quarks and gluons. They can be Cons\.mcted from
quark—antiquark pairs of any flavor or even from states
of pure glue, and in general the QCD eigenstates will be
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through quark annihilation- he spectrum
and hidden-flavor content of 18 alar mesons W an in-
fer a phenomeno\og‘,y of annihilation dynamics in QCD.
Empirically it is found that many Jow-lying isoscalar
mesons come in identifiable pairs with a strong prefer-
ence for ideal flavor mixing; prominem examples include
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strange quarks in order that the flavor mixing appear in
a unitary manner, while evaluation of the discounected
correlator contributions that distinguish isoscalars from
isovectors is (zomputational expensive and the signals
obtained typica\ly diminish into noise at small Buclidean
times. These problems have limited .alculations to 2 few

HUSS 40

Zachary Baldwin GLuE

. . - . C
line with > nt. The exotic J jsoscalar
exotic jsovector S

JPC with typically low statistical precision 3 5. Glue-
ball studies, which produce exceptionaﬂy clean spectra
in the quark-less Yang-Mills case (6), become challenging
in QCD through strong coupling to the quark sector [7)-
In this letter we present the isoscalar meson spectrum
a single choice of light and strange quark mass lat-
ing and yolume across multiple Jre, excluding
case which is of sufficient interest to justify @

separate publica&ion of its own. This extends the wo
reported in (8, 9] for isovector and kaonic mesons, taking
advantage of many of the techniques developed therein.
Lattice t nology: We compute the spectrum of
jsoscalar mesons using a basis of operators of the form
o4t = 73 ardu+dred)s 05(t) = ~ where U,

N t <
re the up; down and str nge quark fields, and
e operators acting in space color, and Dirac
space |10] on 2 time slice, t- Y
to construct two-point correlators of the form
(()\O‘f; (t/)O"L;‘ (t)\0) which, after integration
;elds, can be composed from conmn
ponents, diagonal in quark flavor,

oyt t) = 5g T[4 ()70 (¢ HP Ot

and disconne ed components that can mix flavor,

)= Tr[@* (t)7Te ) Tr[@‘—‘u)ﬂ,u,t)}.

The quark fields in O are acted upon by & «distilla-
tion” smearing operator that emphasizes the low moO-
mentum quark and gluon modes that dominate Jow mass

We comb i

hadrons 19, 10]. This smearing can be factorized al-
lowing the “peram\m‘.ators“‘ Te> and the zero momen-
tum px‘oject‘ed operators; ®, to be constmcted as matri-
ces in distillation space: Tq(t',i) = VyMy ‘(t’J)Vt and
A(L) = Vi I“{‘Vt, where Vi are the eigenve the
ga\\ge—covariant \hree—dimensional Laplacian operator o
a time-slice t, and M, is the lattice represenmtion of the
Dirac operator for quark flavor g- The resulting traces are
then over the set of eigenvectors which 18 much smaller

exotics

16 MeV

bove and
een) and
il states were
on the same

3 position of

2009).
Rev. D78,

09).
0).
181, 1517

11.0024.
, 034004

Suppl.

)-
7 mea-

in the
‘thout
ot be

o the

| ap-

2.0 GeV

EXOTICS

K*K

7

Carnecgi
1V[ello‘i1gle
University


https://journals.aps.org/prd//abstract/10.1103/PhysRevD.103.054502

Latti
eXCitat:gﬁ SCD predicts “gluonic
, mesons that are not In

MOTIVATION

consti
stituent quark model known
as

J LAB»THY—U—B}'—&
D-MATH 11-02

Isoscalar meson spectroscopy from lattice QCD

Jozef J- Dudek 1,2+ Robert G- Edeardsﬂl Balint Job,!

Michael J. Peardon,’® David G- Richards," and Christopher E- Thomas

1

(for the Hadron Spectrum (Jollaboration)

12000 Jeff

Tr

Y

, Ul
ty College,

We extract to high st tical prec jon an excited gpectrum of sing\c-particlc isoscalar mesons

using lattice QCD, including states of high spin

and, for the first time; light exotic JES jsoscalars.

The use of a novel quark field construction has enabled us 0 overcome the lon anding challenge
of efficiently including quark-am\'\hilat'xon gributions. Hidden-flavor mixing angles are extracted
and while most states are found to be close to ides flavor mixed, there are examples of large

mixing 11 the pseu oscalar and axial sectors in

states appear at a mass scale compa\m\)k‘. to the

Introduction: Mesons which have all flavor quantum
pumbers equal to Zero known as isoscalars, form a par-
ticularly interesting sector of QCD, the gauge field the-
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EXPERIMENTAL DETAILS

- designed to reconstruct final state particles from yp — pM 4 7/](’)
L : : <
- 4 polarization orientations E X
i O
- GlueX-I collected | L = 125 pb~'in coherent peak > E 71'0
U SliS
- GlueX-II ~ 3-4 times more Forward Calorimeter 25 w, P,
Time-of-Flight E
Barrel Calorimeter % :
Start P P
Counter -
) j"'l':"l":'l 'I""I""I""I"':
Target T 8§ MF *1'. SF § 0°() .
7H i ® F ::ﬂ S § 90°(1) -
2 s 0'3: # ﬂ : § -45°(1) .
Photon B = g £ 45°(1) -
oton Beam QSozp T —
: ﬁ oy ] -
Tagging _ 0.1 : ﬁ ﬂ ﬂl -
Magnet Forward Drift - : : F ﬂ& ﬁ 5
Chamber 00F- Pol;?::tlo; hﬂ
EIBQ;::gn Central Drift o - 1.5% Systematic Uncertainty
Chamber
\ \ ‘ 20 85 a0 o5 ioo jos [110 ]
. E [GeV
Solenoid Y
Radiator 5T .
S. Adhikari et al., NIM A 987, 164807 (2021) / Carnegie
9 Mellon
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FORMULISMS

- Describes all two-psuedoscalar systems ( i1.e. all r](’)ﬂ)

+ New basis —» Z"(Q2,D) =Y lm(Q)e_i(D

In the resonance
frame

- Described by 3 angles: Co0s 19,7(,) :|

¢;7(’)

d btw the polarization
and production plane

» Reflectivity corresponds to exchange being V. Mathieu et al. [JPAC], PRD 100, 054017 (2019)
natural ( ) and unnatural ( — 1) parity

» 4x more amplitudes than hadro-production

> T(Qd)=2) {(1 —P)| Y11 RelZM(Q, D)) 2 +(L=P)| Y 111 ImlZM(Q, D)] 2
k [,m [.m
Fit [l]’(il){ to the data (1 + P}/) Z %e[Z?(Q’ D)] 2_|_ (1+P) Z [l](—) Im[Z™(Q, D)] 2 }
W/m="1...57%I -~ e .
o Siemegie
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SEMI-MASS INDEPENDENT PWA

- Assume a,(1320) and a,(1700) are text book Breit-Wigner resonances

- share only 1 common phase parameter for eachinthe D,

- S

wave contributions more complicated

- define mass independent piecewise parameterization

 Individual fit results across —1
- coherent sums of ( + ) and ( - ) reflectivities

0.1<-1<0.2 GeV? 0.2 < -1<0.325 GeV? 0.325 < -t< 0.5 GeV? 0.5<¢-t<0.75 GeV? 0.75<-t< 1.0 GeV?

||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Positive

:_ Reflectivity
= — GlueX-I
_— S+
i — D

||||||
||||||||

||||||

7]71'0 — 4y
Entries / 40 MeV

B i B B Negative
- - - - Reflectivity
I I I i —— GlueX-|
I— J— — I S—
;_",_IJ_LLLI*"M_ i i — D-
[ __A_A | A_ —— A e, | —— e ——

1.2 1.4 1.6 1.2 1.4 1.6 1.2 1.4 1.6 1.2 1.4 1.6

0 .
M(nT~) [GeV] /Carnegle
11 Mellon
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SEMI-MASS INDEPENDENT PWA

- Assume a,(1320) and a,(1700) are text book Breit-Wigner resonances

- share only 1 common phase parameter for eachinthe D,

- S

wave contributions more complicated

- define mass independent piecewise parameterization

- Decent agreement between JPAC theoretical predictions

- systematics finalized
Just Published!

First Measurement of ag (1320) Polarized Photoproduction Cross Section

llllllllllllllllllllllllllllllllllllllllllll

]

o
<+ o[> -4 Total
O —
OT 1_,0 0.3 <+ Positive-Reflectivity :
SRCTES 4 Negative-Reflectivity i
0.0k B Mathieu etal., PRD 102, 014003 (2020) "
0.1 -
0.0 | P et A S S S ® & ... |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
_ 2 '
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S |G University
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WHY SINGLE CHANNEL ANALYSES ARE NOT ENOUGH

*r

» Nature of strong interactions: R
Ky
N

- governed by non-perturbative QCD

. : <
- allows resonance formation and decay across multiple channels A

- Essential resonance parameters vary across production/decay mechanisms

- the structure and classification of hadrons emerge from their
full decay pattern and interference structure

JIyd y

w(2S) Jy

- Motivation from experimental reality = %

Theory Prediction
{ -
) ) ) I ' i DPS ;
- each final state provides only partial access to the 1505 + l = mawtmsyem ]9
underlying pole structure §1zs : | + ? Eﬁéinffta ig
. i . e ] i 2 X
- several exciting physics opportunities occur < 190 g f; S
near threshold 2 75 | REE =8
M) !
g ) 38
T S, L, Do
- - f SR Lot B SR R I A A 4 Q =~
Overall, single channel analyses fully disentangle 25 o Thudl = 22 2
complex interference or threshold behavior Orl'. LD A A
6.5 7.0 7.5 8.0 8.5 9.0
Thresholds Mj,, ;, [GeV] - Carnegie I
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COMPARISONS

- Overlapping resonances interfere
differently depending on model

- BW: underestimates interference

- CC: enhances the first peak through self-consistent
Interference across poles

10~ Intensity vs Vs PHASE MOTION ARGAND LOOP
- Breit-Wigner él
—— Coupled-channel || I
0.8 - §
3
()]
0.6 4
<T
0.4 -
0.2 \"
I T Y T |
1.0 1.2 1.4 1.6 1.8 2.0
Vs [GeV] Carnegie
14 Mellon

HUSS 40, . .
Zachary Baldwin | GL% UIIlVGl‘Slty



COMPARISONS

- Overlapping resonances interfere
differently depending on model

- BW: no threshold structure and
ignores threshold effects

- CC: shows a non-analytic phase jump
showcasing multiple channel feedback

Phase vs Vs
INTENSITY EVOLUTION 2o * | —_ ARGAND LOOP
- Coupled-channel Eﬂ
2.54 3
j
®
2.0 -
T
©
= 1.5-
0w
1.0 4
0.5 -
[ T T T T
1.0 1.2 1.4 1.6 1.8 2.0
Vs [GeV] .
/Carnegle
15 Mellon
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COMPARISONS

- Overlapping resonances interfere
differently depending on model

- BW: erratic, non-unitary motion

- CC: clean, unitary counter-clockwise trajectory

Argand Diagram

INTENSITY EVOLUTION PHASE MOTION ———_
- Coupled-channel En
0.8 4 e
S
®
0.6 4
-
E
0.4 4
0.2 4 ;
T T T T T
—-0.4 —-0.2 0.0 0.2 0.4
Re A —
g/lall'lnegle
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PREVIOUS COUPLED-CHANNEL

*  Follow up to the 2020 Crystal Barrel analysis

3000 >_<10’ )

: 12sf- mD-Wave O and JPAC results, but with extended framework
%2000- %1'00;_ ’
= R = 0.75:— :| | - S — (’)
F 0 F L Oiso i - incorporates additional 77 p — n'\/rand 7xr = X
g lm)_ g 050:_ i )
2t 50.252_ including COMPASS results

0 0.00F L L . _ _ _
075 100 125 130 lz/;[o:\}(/)gz] - refines the treatment of the 7;wave especially to its
6000 : coupling to yrand 1’7

- 5000 n'm D— Wave
v | U s F . :
3 400 ;:4"‘”‘ - allows single pole for the 7, to describe both 7z

! % 00k
g [ ¥ and 7’7 ( doesn’t rule out 2 poles )
g ot §F
g [ A 1000F-

I 1111 | Il | | I . L1 11 L1 11 1 : | I . 11 | L1 11 L1 11 L1 11 1 L 1 rsa\

T ¥ R LR K N K LY B T R ¥ S - Y ter"za‘t\() 1S unive c;
V5 [GeV/c? V5 [GeV/c?] since parame " hotOPrOduce
Kopf, B., Albrecht, M., Eur. Phys. J. C 81, 1056 (2021) can use thes€ 1o fi ‘,) ’
Nm and1 7>
/Carnegle
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https://link.springer.com/article/10.1140/epjc/s10052-021-09821-2

K-MATRIX SINGLE-CHANNEL

0

nn’ — dyntrx n'r’ — dyntn

GlueX Phase1 Data
GlueX Phase1 Data

Mass-independent piecewise defined S, . needed to account for

no a, K-Matrix parameters in 7'z’
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K-MATRIX COUPLE-CHANNEL

0

na’ — dyntr n'n’ — dyn'r

GlueX Phase1 Data

Carnegie

19 Mellon
HUSS 40, . .
Zachary Baldwin lel% UIllVCl‘Slty



PREVIOUS THEORY RESULTS - COUPLED-CHANNEL

- JPAC analysis utilizing COMPASS data * Model line shapes using the
- coupled channel fit to both n(’)n systems E> analytic, unitary N/D formalism
q hes dominat d th - extraction of poles more rigorous than K-Matrix or
- aescripes dominate d, resonances an € 7y BW approaches
4.5x
120 4.0
5 5 19E  ,(1320) | 30 a,(1700
g i . 2 m 0L ay(1320) »(1700)
X g 60 15 16 17 18 19 20
S o 40 —_ :g —_
X ik
e of 01 ost ¥ 1
& 0 : o°ol...l......l.........7
~ 08 10 12 14 16 18 20 08 10 12 14 16 18 20
E’: - s (GeV) i {s (GeV)
«f E (1320)
O . :_ a,
g S :; 3 /‘“ a,/(1700) t&i’
= % S s é_ 0.108 7[1 @
S8 E o
8 5 %4 E_ 0.114
R
s “E oa
S LE 307 T 106 T30 T
- 1.2 B T B - - o - - B—
Mass (GeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.042002

PREVIOUS THEORY RESULTS - COUPLED-CHANNEL

- JPAC analysis utilizing COMPASS data * Model line shapes using the
- coupled channel fit to both 1! 7 systems E> analytic, unitary N/D formalism
- extraction of poles more rigorous than K-Matrix or

- describes dominate a, resonances and the 7, BW approaches

3
— 2
4 >
~
Q 22
o g
3 2
8 g 1
X w
< 0
N.\
& o M s o o 0 . . . J . . . ! . . .
E] 14 1.6 1.8 20
® Q /s (GeV)
i, 0.0 —
&2 = a,(1320)
88 “E PAC
L% o — a,’'(1700)
n -‘2 0.2 .
N —
< ) < — 0.108 @
e 8 03 E— o110
< = 0.4 F— 0.112
$ B — 0.114
5 = —  o.116
= %5~ o11e
: _— .
Q. 0.6 — 0.120
e b . _ _ _ N
S —  012253353° 7304 1.306 1.308 1.310
o —
0.7 —
a 2: 1 I L 1 L L l 1 1 1 1L l 1 1 1 1 I 1 1 1 1 l 1 L 1L L l L L 1L L | A 1 1 1

N

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.042002

N/D SINGLE CHANNEL

GlueX Phase1 Data

niw

— 4yt

GlueX Phase1 Data

Piecewise defined S, . needed to account for

both channels since no S, configurations
— working with JPAC to develop more sophisticated model

0

n'r’ — dyn'r
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CONCLUSION & NEXT STEPS

« GlueX has collected large quantity of photoproduced data

- recent results extracted a, cross section which will be used as a reference signal

- can analyze production mechanisms using polarization info

- strong effort to look for exotic hybrid 7; meson in r/(’) 7 systems using
several different analysis methods *

- coupled-channel framework produce stable and reasonable fits
— potential exotic signal?

with significantly larger amounts of ; observed in n’no than in mzo
working on projecting 7; upper limit simulations onto these resuits

* Next immmediate steps:

= Further analyze both neutral and charged 77(’)7:

— extract a, cross section, etc.

- find the pole positions, and make sure they are correct ( or fits are meaningless! )

EXCITING TIMES FOR EXOTICS!

For complete derivations/examples with further information on coupled-channel approach see
International K-Matrix Day Indico

KiiBner /23 1(\]/[%11.11(1:;1gie
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https://indico.global/event/14144/
https://indico.ph.tum.de/event/7303/contributions/7205/attachments/5114/6608/K%C3%BC%C3%9Fner_Slides.pdf

BACKUP SLIDES
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BEYOND THE BREIT-WIGNER

PDG-Resonances

- In QFT — resonances correspond to poles of the S-matrix ”T'hresh,om

In the complex energy plane

- these poles lie off the real energy axis,
- 0 |
reflecting the unstable nature of resonances |

- hot directly visible, but they influence observables
(I.e. cross sections )

- resonance position and width — encoded in complex pole location

Im(k) [arb. units]

Resonance Poles

* Breit-Wigner functions are the historical
standard for describing resonances But...
- fails to conserve total probability in multi-channel scattering

e(k) [arb. units]

- algebraically simple

- work well for isolated, narrow resonances - do not account for: 1) coupled-channel effects

useful first approximation! 2) overlapping resonances
3) nearby thresholds

To understand what a true resonance is,
we must ask where its pole position lies ... not where its bump appears! /Carnegie '
25
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https://pdg.lbl.gov/2023/reviews/rpp2023-rev-resonances.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-resonances.pdf

PREVIOUS COUPLED-CHANNEL

> 5
© all | v
* Recent comprehensive coupled-channel partial wave 2
: — 0.0 0 +r—0 _ -2
analysisof pp = n°n'n, n°ny, and K"K« —,
- measured at Crystal Barrel
- analyzed alongside 77 scattering data
using the KMatrix formalism
and Chew-Mandelstam functions
- identified significant contributions from:
fo» Jo, Ay, Ay, and p
also prominent z;wave ( ~20% wave contribution )
0 | I | | | | | | 0
1 1.5 2 1 15
m(n°n) [GeV/c’] m(r®n) [GeV/c?]
Albrecht, M., et al. [Crystal Barrel Collab.]
Eur. Phys. J. C 80, 453 (2020)
1(\]/lall'{legie
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https://link.springer.com/article/10.1140/epjc/s10052-020-7930-x

MORE FORMULISMS

 Formalism following the approach in Kopf, B et al
gives the scattering amplitude as:

Frs) = 3 [(I+K) )™ | P

) !
7 ]

- HUSS 40 lion
Zachary Baldwin lGL% UIIlVGl‘Slty



MORE FORMULISMS

 Formalism following the approach in Kopf, B et al P-vector encoding production dynamics
gives the scattering amplitude as: . bare
i Pa8aj o
PIs) = ) | ————+ Xy 5" |- B(g 4
0 o / k
—1
FP(s) = (1+ K(s)C(5))~ ] PP(s)
1 J
K-Matrix (bare bare
_ / al ] -
Kij(s) — z b (Qi’ Qai) m2 _ Clj Bf(qf qaj)

o 04

- pi(s) (8) + p,(s) ci(s) my; —my; my;
(8) = log log| —
T Gi(8) — pi(s) T my;+ Ny, My

Chew-Mandelstam

~ HUSS 40,
Zachary Baldwm l %V UanGI'Slty



MORE FORMULISMS

* In order to use the previous results on photoproduced
data - need to fix the following parameters ---

ggare gOk[)are
Ki(s) = Z B f(ql-, q.,;) — _]S +&; BY (@is 9 — Resonances
“ ’ B? — Blatt-Weisskopf Barrier Factors
) ﬁgggare ) ) g — Final State Couplings
Pj e Z mg = S : Z W g (Qj’ %j) C — Backgrounds in KMatrix

o k

.-+ and the only parameters floated in the fit are the complex
photocouplings and the complex background amplitudes to the photoproduced data ---

,55 — Photocouplings ij —> Constant Background
.-+ in each reflectivity ( +/— ) __
/ Carnegie
29 Mellon
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MORE FORMULISMS

* In order to use the previous results on photoproduced
data - need to fix the following parameters ---

ggareggare
Kij(s) _ Z Bf( is i) — n Eij B’/ﬂ( n q(xj) — Resonances
a T o B? — Blatt-Weisskopf Barrier Factors
p oare g — Final State Couplings
PP(s)= ) ab - B“ (g 44
J mz — s S ¢ — Backgrounds in KMatrix

04

first terms in each amplitude ( the resonance poles ) account for the well-defined, resonant structures
BUT these alone describe the full structure of real data

- phenomenologically encode smooth, slowly-varying background
that absorbs non-resonant effects

( currently a constant complex value but can increase to higher order )

HUSS 40, . .
Zachary Baldwin | GL% UIIlVGI‘Slty



MORE FORMULISMS

- Formalism following the approach in Rodas, A et al
gives the production amplitude as:

Production Term
Angular Momentum (smooth, real functions)
Barrier Factors
J J Jr N\—1
Ai (S) nk(S) [D (S) ]kl
k

KMatrix g],Rg],R
k &1 i N
K/ (s) = §—+c.+d.s s [ N/ (s’
kl( ) ml% — ki ki D];IZ(S) — [KJ(S)—l] — _J' dS/ P kl( ) .
R . . ki g s'(s’'— s — ie)
Analytic Denominator Sk

Matrix

 HUSS 40 lon
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MORE FORMULISMS

- Similar to before, in order to use the previous results on photoproduced
data - need to fix the following parameters:-:

. \)
J(o) — Z: (J,k)
nk(s) N Cll. Tl . —> Chebyshev Coefficients
0 s+ 1
B 2 — Final State Couplings
g g d K
k l C, — Backgrounds in K-Matrix
Kk"i(s) = Z — + C]”{,- + d,‘{’.s )
m2 — ¢ l I
R R

-+ and the only parameters floated in the fit are the complex
photocouplings ---

3
I(s) = - g’ J (J.K) > 1 D7(s)"!
Al =p" ') pls) - Y[ Y al Tn(Hl) DY,

k=1 =10,

. in each reflectivity ( +/— ) / Carnegie '
32
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COMPARISON BETWEEN SINGLE-CHANNEL K-MATRIX AND N/D

D S PWClV@

wave wave

GlueX Phase1 Data

- Both N/D and K-matrix approaches offer fairly consistent descriptions!
- deviations observed predominantly in 7’7" channel

- the P-wave exhibits notable sensitivity to model assumptions
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COMPARISON BETWEEN SINGLE-CHANNEL K-MATRIX AND N/D

« Calculating the line shapes directly
— K-matrix | from code

highlights the differences
iIn amplitude tails and peak structures

| more sensitive to
K-matrix —  packground and
threshold effects

N/D — better preserves resonance
dominated line shapes

HUSS 40, . .
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3 . Lineary, Polarizey
1@ = Y T,@fF @) ) ’
a=0

P/ (®) = (1, = P,cos(2®), — P,sin(2®), 0)

T(Q,®) =T (Q) — T (QP,cos2D) — T (QP,sin2D)

V. Mathieu et al. [JPAC], PRD 100, 054017 (2019)
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K-MATRIX PARAMETERS

- K-matrix parameters for ---

pole name «a m(?are g?f,‘fe g?,?,{e . ~
a,(980)  0.95395 0.43215 —0.28825 ayg — nr’, KK

ay(1450) 1.26767 0.19000 0.43372

pole name a  mPare  gbare - gobare - gbare
a,(1320) 1.30080 0.30073 0.21426 —-0.09162
a,(1700) 1.75351 0.68567 0.12543  0.00184
background terms 0 > .10
) Eop ~0.40184 a = N, KK, n'w
Eo; 0.00033 &, -021416
Eon ~0.08707 &, &
—0.17435

pole name a mot?are got?%re gg,gre
7,(1600) 1.38552 0.80564 1.04695
background terms
Goo 1.0500
G 0.15163 &, —0.24611
/ Carnegie
36 Mellon
University
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N/D PARAMETERS

- N/D parameters for ---

K-matrix background

ek —15.43
—14.77 £7.22 Resonating terms
Coefficient nr n'm S —67.22 gh ~0.68
af 408.75 —47.05 —65.28 + 13.91 —0.55 +0.38
356 £334  —43+39 Cormn' —190.73 g ~13.12
af —632.57 65.84 —184.19 +38.21 —13.12+0.95
—547+£534 59+ 63 - 1.82 m3, 3.52
af 281.48 ~20.96 1.93 +2.24 3.52 + 0.08
_ P
) 240 + 255 17 £ 30 .. 7.64 o2 563
_47 + + P
;e e
ag —247. - 60.54 + 18.59 ~3.78 +0.10
i —247 £ 28 233 + 79 ng,mt —2402.56 m12)1 1.86
aj 413.91 —290.66 ~2385.05 + 273.87 1.86 + 0.02
ay ~190.94 176.88 ' 160 < + < o 82 -
~192+39 177 £83 , Cecn i 147.17 £ 9.88
a?? 59.25 ~3.82 “m'n | 8w —33.39
61 =+ 29 _1+62 i —92.25+28.11 —34.07 £ 3.41
Ayrnn —614.58 ml2),2 8 06
—608.35 + 49.32 8.06 =+ 0.30
D
o 164.72
166.85 + 17.46
D
2. —42.19
_44.45+11.59
/Carnegle
37 Mellon
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I-MATRIX FORMULISM

- Enforced unitarity of S when 7-matrix is related to the real K-matrix

T=(U+iKO)'K

Il Il

/
nmT—nn NnaT—nnr - off-diagonal entries like 7,

Na—n'n
T p T , , - shared resonance poles manifest in both channels
HaA—nr HrT—nn due to unitarity and analytic structure

encode channel mixing

1(s) =
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