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MesonEX : Meson Spectroscopy with CLAS12

Derek Glazier
University of Glasgow
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Light Quark Meson Spectroscopy

51¢‘£¢ S=S,+S, J=L+S
S, P = (_1) L+1 C= (_1)L+S

Not all the J’¢ combinations are allowed:
0+ 0+ 0+ O 1++ 1+ 1+ 1= 2++ 2+ 2+ 2 3++ |

PC
EachJ decomposed into nonet

of degenerate states

JPC=O-+ =>('|-[’ K’r]’r]’)
1- =(p,K¥,w,D)

1+=(b,,K;,hy,h;

* Quark model explains much of the
observed states

* Some states not well established or
not definitively assigned

* Some additional unassigned states

* Particular ?? with O++ scalars

mass (GeV/c2)

L=

30,
2.5

20| -
15 |

1.0 |

A

ggMesons

The L = 0 boxes include
2 nonets each and all others
include 4 nonets each

b

47 || &

3 | |L=5
s

L=4

L=3

2

1 3 4 5
(gg angular momentum)

Consider
light
quarks:
u,d,s

a,K.ff

"~ bKhh

- pK00

TKnn




What else might exist

. ' qgMesons o I =
QCD does not forbid other < > 5 S5
compositions 30 s §3
The L = 0 boxes include L =
2 nonets each and all others 3
. include 4 nonets each - o
Some states predicted by o > regular
25 | & Ll S meson
theory | = 3
Evidence for some states found > | A%
. S — 1~ tetraquarks
experimentally w 20 |15 1. i
g =& & Exotic—
. . . :=1 o \ o - -“-H_ £
Hybrids include states of exotic | | honets; KK
guantum numbers e ool glueball
= : L—1 Threshold positions are K*f(
shown for the I
molecular states ' ““ ' ‘
1.0 —
= _ KK hybrid
L = 1 2 3 4 5(qqangular momentum)
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1,(1600) from COMPASS n()m

Determination of the Pole Position of the Lightest Hybrid Meson

Candidate :
Coubled analysis of
A. Rodas, A. Pilloni, M. Albaladejo, C. Ferndndez-Ramirez, A. Jackura, V. Mathieu, M. Mikhasenko, J. Nys, V. ,
Pauk, B. Ketzer, and A. P. Szczepaniak (Joint Physics Analysis Center) r]T[ and rl TT
Phys. Rev. Lett. 122, 042002 — Published 29 January 2019
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1,(1600) from COMPASS 3m

Light isovector resonancesinm p — n n w pat 190 GeV /¢

M. Aghasyan et al.
Phys. Rev. D 98, 092003 — Published 2 November 2018

ﬂ-bachelor

P / \ Precoil

Clear signal for 11,(1600)

Large background contribution
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Photoproduction with CLAS6
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PRL 102, 102002 (2009)

PHYSICAL REVIEW LETTERS

week ending
13 MARCH 2009
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Only hints of a dip in 1*(pm) at 1.6 GeV

Search for the Photoexcitation of Exotic Mesons in the 77" 7w " 77~ System
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Subsequent CLAS experiment found similar results




CLAS12 at Jefferson Lab

+ 2 sector RICH

FTOF A___

EC & PCAL J DC

High luminosity electron scattering Excellent PID e-, K, p, W, n,Y

(10°° cm™?s™) produces high flux of nearly _
Can make measurements with

real photons. : : :
missing particles

High resolution tracking spectrometer, _
(1% momentum, 1 mrad angle) an run MesonEx glmultaneously
with other experiments
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Quasi-real photoproduction with CLAS12

Quasi-real photoproduction:
§A512 * Detection of multiparticle final state from meson

Forward
Tagger

decay in the large acceptance spectrometer CLAS

* Detection of the scattered electron for the tagging
of the quasi-real photon in the CLAS12 FT

* High-intensity and high-polarization tagged
“photon” beam; degree of polarization determined

_ P event-by-event from the electron kinematics
Trigger — FT e- + 2 charged CLAS12 o

implementation

Calorimeter__

Forward Tagger

E’ 0.5-4.5 GeV

M 6-10 GeV Tracker

6 2.5-4.5 deg \

Q? 0.007 - 0.3 GeV? Tracker FEE
W 3.6-4.5 GeV

Photon > X 107 ’Y/S @ Scintillation

Flux L=10% | e S




MesonEXx program

Benchmark 31t Simulations

Meson spectroscopy in the a,~pm D-wave a,~pm S-wave a,~pm D-wave
light-quark sector:

" Investigating of the
meson spectrum up to
masses of 2.5 GeV

___m,~»f.mt S-wave

" Search for rare or poorly
known states
(strangeness-rich,
scalars, ...)

__n-of n D-wave __m,—pn P-wave

" Search states with
unconventional quark-
gluon configurations

1500~

1000~

500

L L
0.8 1 1.2 K 1.6 18 2 2.2 4 16 1.8 2 2.2
37 Invariant Mass [GeV/c?] 3 Invariant Mass [GeV/c?]

Note poor acceptance below 1.3GeV (half field)
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MesonEx : Status

Approximately 10% of expected data ready for preliminary analysis
Focus on charged decay products (better resolution)
First extract two pseudoscalar (11, K*K")
Fourier Analyse angular distributions == extract moments
- more general expansion than just partial waves
- check acceptance corrections
- check distortions from backgrounds
- model independent formalism

Extract partial waves from moments or directly fit partial waves

Expand to vector-pseudoscalar final states
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MesonEx : Polarised 2 meson production

arXiv.org > hep-ph > arXiv:1906.04841 Search...

High Energy Physics - Phenomenology

Moments of angular distribution and beam asymmetries
in 1]71:0 photoproduction at GlueX

V. Mathieu, M. Albaladejo, C. Fernandez-Ramirez, A. W. Jackura, M. Mikhasenko, A.

Decay 6 V ¢
1

0.8
0.6
0.4
0.2

0

Pilloni, A. P. Szczepaniak (JPAC collaboration) Linear polarisation
-0.2

(Submitted on 11 Jun 2019) Py

1(Q,®)=1°Q|- P, I'|Q|cos(2®| - P, I*(Q]sin(2 & o
IO(Q):ZL:ZZZZ\/ 25;1 (2—5M’0)H0(L,M)SR[Y2/I(.Q)] ;1—3 2 -1 0 1 2 3

47
Moments relate directly to partial wave amplitues
HO(11) = H'(11) + 2\/§Re(P1(“D§”*) ,

2 } . )
H'(11) = = [3V5Re(R™ D{7") = VIS Re(P{Y'D{Y") + 53 Re(s( P

2
HO(20) = H(20) - 7P R = 51D{ 2+ 10D§ 2]

Moments can be determined from
Fourier analysis of decay angles

4 *
H'(20) = [7|P(§+>|2 +5[DSP2 + 7vBRe(SSH DS )] ,
HO(21) = A (21) + ZvBRe(D{) D{H)

2 * * *
H'(21) = — [7\/3Re(s(§“D§“ )+ 7V3Re(PY P 4 5Re(DST DI
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MesonEx : BruFit (Interface to RooFit)

i observables Model parameters Physics
PDF ) f(?[? . 9/) model Egct:if)tt
1 05) = L x; 1 0;) = I(z; 1 0,).n(x;
(i 0) = e 0 Fait 60;) = 1(z; 2 0;).0(x;)
(2 05)n(z;) Approximate integral by sum over

p(z;: 0;5) = Z%/f I(zy : 6;) — M, accepted, Monte-Carlo Events
(brufit part)

Y yield of expected

events from fit
N number of observed

events in data

N yYN
L=]]p(z;:0;)e ~T Likelihood

N
—InL=->"In[p(z; :0;)] + Y —NInY Log Likelihood (RooFit)

N
1 6.
—InL = — Z In (i ) + Y — NInY Log Likelihood (BruFit)

* Terms dependent on n(x) add a constant to log likelihood and can be neglected
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MesonEx : Additional Speed ups

If we can factorise model into sum of parameter dependent and observable dependent parts

I(z;: 93‘) — Z ﬁc(gj)_gc(mk)_ g.(x,) can be pre-calculated and cached
C

_ (RooFit)
Fﬂr the integrals

M Sum over g (x,) can be pre-calculated and
I 1 0:) =Y te(0; , e\ )
ij (2, - 65) ZC: (95 Zk: ge(k) cached (BruFit)

For example, Moments of two meson decays
1(2, ) = I19(Q) — PyIH(2) cos(2d) — Py I () sin(2),

2L41 4 . with
B MO L = {S-i& ¢'} — {95 P, CD}
2L+ 1 . 0, = HY(LM
II,Q(Q) - - Z %HI?Q(LM)DifO(d)a 910) J ( ) 2L+ 1
LM / te(8;) = tarm (H*(LM)) = ———H*(LM)
Wigner D functions ge(z;) = D%}O(qb, 6,0)

And to do Partial Wave Analysis we just calculate H(LM) in terms of [I]c_
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MesonEx : K*K- p Preliminary Data
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clog‘ﬁ From Matthew Nicol, University of York



MesonEXx : K*K- p Preliminary Data
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Allowed partial waves J°° (I°) : 0**(0*,1), 1-(0*,1), 2**(0*,1°), 3°(0*,1), ...

Unpolarised Moments

From Matthew Nicol, University of York



MesonEXx Trigger : 1t'ttp Final State

4
/1/\/ - Data taking with toroidal field bending

~ negative particles inward or outward
mn ’ TC
’ TUTU ¢
P P inbending
a5 35
le3
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7 [
= =
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1 2 o a
v 5 = =
=3 =
4 L.
@ 2 @

1 1
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o) S
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Data with both fields gives improved acceptance

clogﬁ From Adam Thornton, University of Glasgow



MesonEXx : Tt*tt*mt n Preliminary Data

Missing neutron final

state 1400-  ,(1320

It <2and 6 < E, <10 Gev 800 (1670 (18

T(,(1600)
Trigger/Torus Field /Detector
=> Low acceptance below 1.3 GeV




MesonEXx : T'K*K- n Preliminary Data
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Events / ( 0.005)
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KKPiMissMass

Reconstruct

neutron mass to
subtract backgrounds
via sPlot technique
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KKPi Invariant Mass

KKPi Invariant Mass

2.8

2.6

2.4

22

Signal Weighted Invariant Mass

Use sPlot to
isolate K*(892)

1.8 2 2.2
K+K- Invariant Mass

1.6

Signal Weighted Invariant Mass

2 2.2
Pi+K- Invariant Mass

From Robert Wishart, University of Glasgow



Vector-Scalar Formalism

K

. Write intensity in terms of decay angles and linear polarisation
K*(892)(1") - "HF
v P G Z(Q, @) =Zp(2) — Py Z1(2) cos 2 — P.Z5(2) sin 2.
,’<\ GJ m
4 \‘
," Expand polarised intensity components in moments of
. K D-Wigner function products (depend on 4 decay angles)
|
I 27+ 1\ (25 +1
| () = H*(JMSA
| () Z(47T)(4?T)(JS)
JMSA
x D A (bcr,060,0)DYo(bur, Orr.0).
P n Relate moments to production Spin Density Matrix Elements
b={j=Jx,l=Lx,m=Mx,s=Sx}
Currently — » H*(JMSA) = =1
measure these 5 - 12 © 1
ZZ (\/( ;—.; )(1 - )) ( 228;+11)([30;SaAljaA)(lfvo;sfa)\’lj,a/\,)
b,b" AN 7T s+
X (81 A; Sﬂ A|S,1 AI’)(S? 0; S? Olsfﬂ 0)(]3 m; J? ﬂ"fL?’ﬂ WL,)(j, A; ']ﬂ A‘jfﬂ A’)
X ppy X Ryi(my) Ry (my),
Relate Spin Density Matrix Elements to Partial Waves dependent
On meson X spin and parity
© % s = D INDTE IR
Extract these J° g

I m ml ' P;( ! ES
+ sy (1) TR ) T E)

—m' k>

cloSy From Robert Wishart, University of Glasgow



MesonEXx : T'K*K- n Preliminary Data

Vector-Scalar Moments fit results for J up to 2

I
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WM s MW N
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0 3 Lot | 7L AD l X beted et |
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1
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16 18 2 22 24 26 2 16 18 2 22 24 26 2.16 18 2 22 24 26 2. 186 18 2 22 24 25 21

cloSy From Robert Wishart, University of Glasgow



MesonEXx : T'K*K- n Preliminary Data

Vector-Scalar Moments fit results for J =3

~H(0,0,3,0) 3 ~H(0,0,3,1) ] ' E ~H(0,0,3,3)

o=1
| ~H(2.1,3.0) 3
- Fef % 3 K
3 “"50." 4"!1&4 o ELIPEN
2 A

a=2
TTH2231 |. @/ ;

~H(2,03,0)

3 ZaN 7 ol3
_ %ifrq;‘llf E
1

PN

AN W
_' ; 52,0 3.3)| ﬂ: “H(2.1,3.3)

39678 2 22242621618 2 22242621618 2 22242621618 2 222426 2.

cloSy From Robert Wishart, University of Glasgow



Moments to Partial Waves (Two-Body)

0.¢" _ HZ ( ](E k[lﬂ’ m’ k; +( 1)m7m’[€](f2n;k[€,](fz;’?k) ’

9
200 +1 1/2 WA mm’
HO(LMF) = Z (2€+ 1) C ’OLOC 'm/ LM Prmm?s )
A ol = —mZ (00l + ™ D )
200 +1 1/2 / — e € m’ €)%
H(LM) =~} (QH 1) CllhraClbi ar P ™ Dbl = mZ( skl = CD™ A5 )
o )
mm’ €) 3.0 m—m' g (€) (e)*
Clebsch Gordan Coef. s = "Z ( ekl = (1) [E]—m;k:[f’]—m’;k) -

_ _ [I] = total spin
The moments can be expanded in partial waves via the SDMES (p) M = spin projection

=> a system of simultaneous equations e = reflectivity
=> if sufficient moments can numerically extract the partial waves (e.g. with Minuit)
a_2_0:TMath::Log10(chi2) - b_2_2:TMath::Log10(chi2) Need to run many tlmesl

For linearly polarised
photoproduction find we can
invert equations with 2 (trivial)
complex conjugate solution sets
of partial waves.

l.e. there are 2 solutions,

Or 1 if 1 partial wave is forced
+ve real part

ID,| == Single solution D, |-
.t In every magnitude

aphi_2_2:TMath::Log10(chi2)
:£ Double solution I
.t In every phase

1 = m

Pt °

See also
W. Smith, Mathematical ambiguities in eta-
==ednj photoproduction. Thursday 1435
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MesonEx : Markov Chain Monte Carlo

Used for finding best fit parameters. We find,
More robust than with Minuit (gradient decent)
Can provide samples from posterior for further analysis
Slower with few parameter fits, not so bad with many parameters

BruFit Algorithm Start multiple chains
Step in a single parameter (different one each step) for N samples
Step in all parameters for N samples
Generate covariance matrix C
Draw step from Covariance Matrix for N samples

For example fitting amplitudes

1 1 :
09 __egrLOcal maxima .
LIS S S E PR S B ESSS et : ~846001 |
0.8f 0.8 it I
07f 07F 848001
o8- 05t S - — = -
0.5 ERS RS R 50 5 5, o -85000
0.4 a ' |
: 041 ' i
0af- 3 True solution as200l
0.1F F 85400/ o
E 0.1 T T DR NS P A R T P
0 0 01 02 03 04 05 06 07 08 09 1

! e by e b b b b g by by
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Sample #

S I W N A R S S S S
% 01 02 03 04 [%? 06 07 08 09 1
0

0

m
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CLAS12 has successfully taken data for ~ 5 years
Several analyses on beam spin asymmetries already published

Data with forward tagger allows measurement of meson
photoproduction events

Currently analysing several two-body final states

Working on extracting moments of angular distributions
then partial waves

May also perform mass dependent fits directly to moments




MesonEx : Status

4»,
clasy



MesonEXx : 't p Preliminary Moments

Allowed partial waves J°¢ (I°) . : 0**(0*), 1-(1%), 2**(0*), 3+(1), ...
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From Adam Thornton, University of Glasgow



MesonEx : "t p Preliminary Data

0.0
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MesonEXx : K*K- p Preliminary Data

Allowed partial waves J°° (I°) : 0**(0*,1), 1-(0*,1), 2**(0*,1°), 3°(0*,1), ...

Polarised Moments

clog": From Matthew Nicol, University of York



Machine Learning Approach

Other approaches,

Deep Learning for Amplitude Analysis in Spectroscopy, W. Phelps, CHEP2023
https://indico.jlab.org/event/459/contributions/11724/attachments/9419/13661/chep_pypwa_2023_phelps_vO0.pdf
A(\DAPT

Al for Data Analysis and PreservaTion, A.N. Hiller Blin, AI4EIC
https://indico.bnl.gov/event/16586/contributions/68737/attachments/43744/73698/Astrid-Hiller-Blin_AI4EIC%20%281%29.pdf

Here, Model
f(xi,Aj)
Data
D(x,)
Simulation
ngi,‘Ai)
‘ A detector corrected ML mc;del to take f(x)
Just simulate phase space ML parameterisation And deduce A.
of f£(x,) ’
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