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Joint Physics
Analysis Center
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JLab12 and other accelerator laboratories
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- Contribute to education of new generation
of practitioners in physics of strong
interactions : Graduate course on reaction
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Outline: .

*Why ? Aspects of QCD and Confinement

* High precision data calls for precision in
theoretical analysis — Amplitude analysis

« Sample of JPAC recent results




Why spectroscopy

(Most) Hadrons are composed
from valence quarks
What does it mean ?

Are constituent quarks (gluons?) real ?
— How Is mass generated
What about gluons ?
— confinement vs Higgs behavior
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The dual role of gluons

10

long range instantaneous potential
A

Possible scenario : £ A
Color interactions :
between external N =¥
sources emerges . =
through chromo- 0 s 0 5 10
magnetic s
condensate
> “stringless states”. How collimated
massive, effective particle fluxes emerge (how power-law =
A becomes an exponentials) ? M
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Quark Model with Gluons : Hybrid States

large overlap with
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Plenty of signatures: hybrids

» Exotic JP¢=1-+ (hybrid) mesons expected (VES,
GAMS,E852, COMPASS, and theory)

* In low-t pion diffraction (COMPASS) exotic wave

production compatible with one pion exchange
(but not at high-t)

1 1.5 2 1 1.0 Z

1 AL T T
x10° 10° _

4—_ Low-t Red : Exotic resonance
- } Green : pion exchange _
i } High-t |

3 |

2'_

1
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COMPASS (2018)

.
 Large exotic wave 08 b ;P§=t :
seen in N0 go3
production : Golden ~ ° %
Channel e

4 A SRR MR G i
1.5 2 . 3 35 4 45 5
m(n/ﬂ'_) [GeV/c2]
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 |[n photoproduction
(GlueX,CLAS12) exotic
mesons produced via pion
exchange (both good and
bad)

eeeeee

produced hybrids

are not expeded to be exotic

Need spin-flip for exotic quantum number No spin-flip for exotic quantum number

A_Afanasev and P. Page et al. PR AS7 1998 6771
A_Szczepaniak and M. Swat PLB 516 2001 72

20 .
vp—> X"n
regular mesons @ E = 5GeV
X=a,

CT0sS secton

Exotic meson @ E = 8GeV

\
\
\
\
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N X = x,(1600)
. N !
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 Dualities : “reggeons’-
resonances’, “pomerons/
guarks-hadrons”, ect

gluons’, *
— analytical amplitudes



Amplitude analysis : connecting data to QCD

Bottom — Up Top — Bottom
Amplitudes Amplitudes
Rules -
(bubbles, Physical
regularization, Data Data interpretation of
renormalization, poles, cuts,
etc. )
Microscopic model Microscopic model

& &

Mesonic-Molecules Tetraquarks Mesonic-Molecules Tetraquarks
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The 11 (exotic) meson candidate ;

. . M=137016%) MeV /¢ 171 (1400) E852, also GAMS,
T p—"NT P l I =385+40'%. MeV /¢ VES, Crystal Barrel

+45 2
D = T]'J'c_p M =1597+10_, MeV /¢” 171 (1600)
[ =340 40" MeV /¢’

E852, also COMPASS,CLEO  M(n) GeV
?15'30._ C. )H '__'I d - i
Is it 1400 or 1600 ? > ool f S i
85T | I
oo ] iy,
COMPASS consistent with both 2 [ 1] S -
% D- Lo |.+.+.u..u:_j..|....|...-|-.+_

15 20 25 15 20 25
M (n'n") (GeV/ic?)
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COMAPSS data, JLab data coming soon! 10

Data COMPASS, PLB/40, 303-311
Ny ™ : =
o 2000 “ P-wave ~ 4000 } T . :'
© 4000 I” | nm (resc.) £ R/
= || S 3000 b P |
O )
N ¥ 2000F 1 }H | “I I |
- N l IH | iil {
0 0 ‘L }
Iz 2 1000 ’
2 D
o -
2 0 0

A sharp drop appears at 2 GeV in P-wave
intensity and phase

No convincing physical motivation for it

P — Py [deg]

It affects the position of the a3 (1700)

We decided to fit up to 2 GeV only

m(n(/-) 7 ) [GeV/c2]
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11

Coupled channel: the model
A. Rodas, AP et al. (JPAC), to appear

Two channels, i,k = nm,n'n Two waves, ] = P, D 37 fit parameters

‘ A eis i
Dii(s) = [K'(s)'] -2 / i)

ki @ 0T s'(s' — s — ie€)

-z
- Jm . :
Z k i
A ki (3) = ) | Ck-i e dki ) 1 K-matrix pole for the P-wave
I m-R ) 2 K-matrix poles for the D-wave
\. V.

. XTI (s’ M2, 7”3:) : e o :
T / ~ ; X kK .
P 'ki(‘s ) = g Oki 2] nk(s) o E :a'n‘ I,
(S = SR) Cn S + So

Left-hand scale (Blatt-Weisskopf radius) sg = s; = 1 GeV?
a = 2 as in the single channel, 3rd order polynomial for n,{,(:s_)
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Events/40 MaV

Evants/40 MaV

Fit
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x?%/dof = 162/122 ~ 1.3, statistical error estimated via 50k bootstraps
Bands show the 2o error
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Bootstrap + model variations 13
VU —
01— . a,(1320)
02F 32'(1 700)
é 0'32_ 0-1105— &
= 04— |
2 — 0115}
- 0_5:_ I
0.65— 0-120_— ~—
— 1.305 1.310
07—
— N | ! ! L ! | ! N L ! | L ! ! ! | L ! N L | ! L ! L | N ! |
1.2 13 1.4 1.5 16 1.7 1.8 19

Mass (GeV)

The variance of the bootstrapped poles gives the statistical error

Poles  Mass (MeV) Width (MeV)
15(1320) 13060 £ 0.8 1144+ 1.6

as(1700) 1722 £ 15 247 + 17
T 1564 4 24 492 + 54
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Regge factorization

forward calorimeter

 Need to establish
factorization between

CEBAF (Exotic) resonance

pecepance beam and target ...
fragmentation
(Regge factorization) 4

 Single Regge pole
exchange dominate

“fast”

ﬁ\ exchanged
- ' over cut other particle
DC: Drift Chamber

CC: Cerenkov Countr 3 100em I\ “Force”

EC: Electromagnetic Calorimeter

— singularities (cuts, target
daughters) ="
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Global analysis of single Regge factorization

» Test Regge pole hypothesis and —r 9 o
estimate corrections (daughters, R g | rapidity gap
CUtS) targ—et’—' ﬁ __ ":,low'

 Factorizable Regge pole exchange

1 ’ 1 '
-2, v 3= 142, ylu+p
e (52)" (5

Apapapaps =R(s,t)v/=0 LT BEE (8) Biaps () Fe(s, 1)

. 1 4 ¢ e—imae(t) ae(t)
‘FC(S? t) —_ r QC Oc :+- %ee S
(ae(t) —lc +1) 2sinma.(t) 80
* NData=1271, Npar=9 Je

(6 SU(3) couplings, 1 mixing angle, 2 exp. slopes )
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Global Regge pole analysis

== 15.0 GeV == 325 GeV 64.4 GeV
105 - 20.0 GeV == 40.0 GeV 100.7 GeV
20.8 GeV 40.8 GeV == 150.2 GeV
25.0 GeV 48.0 GeV 199.3 GeV
== 30.0 GeV
102
o107t &
o >
O
D 4 @
o 107%= O
= 3
S 107 3
B
o R
10—10 -
10—13 -
2 O © 050
o ™ p— K'Y
_16 .
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—1.0 —0.8 —0.6 —04 —0.2 0.0

—1.0 —0.8 —-06 04 —0.2 0.C -10 -08 -06 -04 02 0.0

+ (T2

5.9 GeV 20.8 GeV 100.8 GeV
9.8 GeV == 40.8 GeV 150.2 GeV
18 '

11

== 13.0 GeV
13.0 GeV

do/dt (ub GeV~—2)
do/dt (ub GeV~2)

Ktp— KOA++

-10 -08 -06 —-04 0.2 0.0

10_13 | | | | | | | |

-10 -08 -06 -04 -0.2 0.0 -10 -08 —-06 -04 0.2 0.0
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Finite Energy Sum Rules

— 0 v .4
L >
~ ”
nN N N @N
NN [ ] [ J L AV W VYV Ve Va
A
» No kinematic singularities
Y L * No kinematic zeros
EN v « Discontinuities:

« Unitarity cut
* Nucleon pole

alt) + k
Aa(t)+k

Bi(t) =

A
/ Im A; (v, t)v*dv

0
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Finite Energy Sum Rules

[V. Mathieu, J.Nys. et al. (JPAC) 1708.07779 (2017)]

...................... 0.50F
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\ 'yp - T p 0.30}
k-3
e — ) \\' ’ 020}
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> 10} ' 2
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2 o1} S 005
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0.01 ® 6GeV (x10% ¥ T » .
e 9GeV (x10%
® 12GeV (x10Y 0.02
0.001- ¢ 15GeV (x10%
00 02 04 06 08 10

—~t (GeVZ)

Combine energy regimes

e Low-energy model ((SAID, MAID, Bonn-
Gatchina, Julich-Bonn,...)

e Predict high-energy observables

Two applications
e Understand high-energy dynamics
e C(Constraining low-energy models
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Constraining the resonance spectrum

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

/’ ~
4 ——
/ 41 ' ' ' __'_,: \
N e | D
P ] e \
I ¢ | - A4
11 2 2K \
| Q |
| < 17 |
\ > A
\ E opt /
A /
N\ _1;_ ] /
M16 18 20 22 o

~ W (GeV) - -

-_— s ==

0.50F

0.30F

Ambiguities in the low-energy model (n-MAID) ~ 0205

— Mismatch with high-energy data E .

Possibilities 3 00s].
e Low-energy model inconsistent 3

e (Cut-off not high enough ool

o High mass resonances!
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Beam asymmetry: measurement of the exchange process

s 9L _ o+ w|? — b+ h/? H. Al Ghoul et al. [GlueX]
Coito) |ptwlt|b+h? Phys. Rev. C95 (2017) no.4, 042201
+V/. Mathieu, J. Nys [JPAC]
2 14_'(a')| | | I | U DL L DL B PN 14_ll|l I I LI L B B T T | L ]
- . = > .
120 tpopr® euxy 1" P = p E
i_mj 4 ;*j E+3 Eif} +§ “:f'E?T —orm. - 08 ; E [ 3 ..-Laget [5,6] —f
08E ] PR S k3 ] e JPACI7,8] 1
- ] % - 0.6 ' Donnachie [91]
06— ‘] e —] 04 v i e Goldstein [4]
0.4 = 0.2F- =
- ¢ GlueX 8.4<E <9.0 GeV ] oF ]
02— = _ —] - -
- :L SLlAC E|Y-10|Gev | | | I 025 : E
% 02 04 06 08 1 12 14 16 18 2 Y| S N I I B B B DO D
t [(GeV/c] 0O 02 04 06 08 1 12 14 16 18 2
-t [(GeV/c)]
y
—
vy
W, p,b. h » Global fits indicate weak unnatural exchanges

 Possible tension between GlueX and SLAC data ?
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n/n’ asymmetry probes coupling to strangness

1.010"
1.005 - :
lp+ w+o| — |b+ h+h|
Z ==
() |p+ w+o| + |b+ h+h|
#3(1') ;
00 02 04 06 0.8 1.0
-t (GeV?)

f

Based on the FESR for n:
predict beam asymmetry for n’
e Same exchanges
Natural exchanges (p,») dominant
o Couplings from radiative decays
o Mixing angle cancels in ratio
Unknown behavior of
o ¢ exchange
unnatural exchanges (b,h)

(@)

Prediction: = same beam asymmetry

.

V.Mathieu et al. (JPAC) Phys. Lett. B774, 362 (2017)
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A

Asymmetry T
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photoproduction

------- B.G Yu (Korea Aerospace U.), arxiv:1611.09629v5 (16 GeV)
J. Nys () PAC), arxiv: 1710.09394v1 (8.5 GeV)

-+ 7% norm.
11— ~ : ;nccr ainty
i Preliminary sk P> a2
— A+ T
05 Yp —om A : * + |
- (~8.5GeV)

Natural exchange
favored (e.g. p, a,)

J.Zarling (GlueX): preliminary

Unnatural exchange favored (e.g. )

| | | 1 | | | | 1 I 1 | J | 1 ‘

0 0.2 0.4 0.6 0.8 1 1.2
-t (GeV*2)

J

Comparison to GlueX data
e Confirmation of interference pattern
e High -t: natural, low -t: unnatural
e Mismatch: oddly behaved 1t exchange
o 0Ongoing analysis
o Experimental or theoretical?

e Stringent test of one-

pion-exchnage production

e Possible to make

parameter-free
predictions

J.Nys et al. (JPAC) Phys.Lett. B779, 77 (2018)

Sap S 2 (;(‘\’

tukasz Bibrzycki et al. (Cracow,JPAC)



N*

PRC 100 (2019) 035201

In Inclusive electron scattering

A. N. Hiller Blin et al.,

Exclusive CLAS data for computation of N* contribution to inclusive observables:
non-trivial O*dependence and interplay between resonance tails

Q% =4 GeV? 02 =4 GeV?
° N(1440) 1/2* - - - - 14 " q{oband
N(1520) 3/2" - - - - R . ant
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0.12 ‘ ‘ ‘
Data - resonances +———
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01

nN(1520) 3/2° n N(1680) 5/27 -

0.08

Useful tool for CLAS12 and
understanding of non- )
resonant background:
quark-hadron duality studies

0.06 |
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0.02

-0.02 L
15
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Other exotics

o JPC=1-+1=1, light exotic hybrid ?

Yes : “Normal resonance”

e Z,(3900) in J/y 1 11, DD* ?

Inconclusive

5D’

- |

[ ~—data | LHCb
- —total fit |

[ — background

g

8

3
|

NN
8
l1ill T

Weighted candidates/(2 MeV)
o1}
s

i P (4440)
P (4312

.-
P % [T LAl I L) |

i L LI |
< 4250 4300 4350 4400 4450 4500 4550 4600
m ., (MeV]
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Pentaquarks (or not)

O

C

o

=

S~

)

|

o

=

o)
Cornell
JPAC P(4312) 3/2 BR=2.9% |
JPAC P;(4440) 3/2 BR=1.6%

10~ JPAC P}(4457) 3/2 BR=2.7% |

E,, GeV 20

Polarization observables expected to have
higher sensitivity to signals

do(11)—do(1])

A= O o1 1)

D. Winney et al., PRD 100 (2019) 034019
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gl T/ Lé% I/,
P P
p p' D P’

® Pomeron exchange + P. excitation
® \ector meson dominance assumed

A.N.Hiller Blin et al., PRD 94 (2016) 034002

Signals in polarization observables:
two resonances assumed

8.5 9 9.5 10 10.5 11 11.5 12
Ey [GeV]



Regge trajectories

J. A. Silva-Castro et al. [JPAC]
Phys. Rev. D99, 034003 (2019)

Unnatural parity NR[J] Natural parity

CMB
9/2 + BnGa

JuBo *

N(2220)

SAID(SE) ©
SAID(ED) =
712 + KH8O =

KA84

N(2190)

5/2 + N(1680)

3/2 + N(1520)

—
~
N
|
.

6 5 4 3 2 1 0 1 2 3 4 5 6

Ris,] (GeV?)
Unnatural parity NR[J] Natural parity
A(2420) 1172 +
[l 9/2 +
A(1950) % 7/2 +

T

A(1930) 5/2 -

3/2 -

T
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Unnatural parity R[J]

92 +

N(1680
B4

X o

Natural parity

e
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¢ N(1520)

1.5 1 0.5 0 >
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"+ 92
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-3/2

T T 1

0.5 1 1.5

Natural parity
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A(%y
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More hints from Regge

/GeV

m

phys

777,5 )

maq

1500

1000

“auark model’ states

-28
0=+, 17" _—
_ap
(0,1,2)*%,1° 2-- (L=2’S= I)
— 18
0 JLab, LQCD
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27
16 naturality twist name
=P(-1)¢ =+1if J=0,2,..
=-1if J=1,3...
0+ +1 +1 fo.fo....
0+ +1 -1 nminMms,... (1+3+,.)
0+ -1 +1 nMonMme,...
0+ -1 -1 f1,f3,...
0 +1 +1 ho,ha,.. (0+,2+,.)
0 +1 -1 w/d1.w/ b3, ..
0 -1 +1 @wldaz,...(O",Z“,.. ‘not s@
0 -1 1 hi,hs,...
1+ +1 +1 bo,b2,.. (0+,2+,.))
1+ +1 -1 P1.P3,--
1+ -1 +1 sz (0-,2-,.. :not seeD
1+ -1 -1 b1.bs, ..
1- +1 +1 dp,a2,...
1- +1 -1 m,ms,... (17+,3+%,.)
1- -1 +1 TR,
1- -1 -1 a1,as,...
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Contact Vincent Mathieu (mathieuv.at.indiana.edu) for any questions about the content of this page.
Return to the JPAC home page.

Content of this page:

® 2017 lectures
® 2017 seminars
® 2015 seminars

* References

The 2017 lectures are based from the book:
“Strong Interactions of Hadrons at High Energies" by V. Gribov, Cambridge University Press, 2009.
Click on the team number to access the material (videos, notes, exercices).

* 2017 Lectures

o Team 1: Chapters 1-2
Lecturers: A. Pilloni and A. Szczepaniak
Abstract: I discuss the generic principles of reaction theory, and the symmetries of strong interactions. I
introduce the relativistic definition of states as irreducible representations of the Poincare’ group. Then, I introduce
the Scattering Matrix, which encodes all the informations about dynamics. Using the fundamental properties of
any underlying QFT, we can prove that the S-matrix satisfies crossing symmetry, unitarity and analyticity.

o Team 2: Chapters 3-4
Lecturers: A. Jackura and M. Vanderhaeghen
Abstract: In these lectures I will discuss partial wave expansions and consequences of unitarity. We will look at 2
-to -2 scattering of spinless particles, and particles with spin. We will discuss the differences in Helicity partial
wave expansion and Spin-Orbit partial wave expansion. We then apply the S-matrix unitarity condition to these
amplitudes and investigate their structure in the complex energy plane. Finally, we discuss some useful
parameterizations of amplitudes which can be used 1o extract resonance information from data.

o Team 3: Chapters 5-6
Lecturers: M. Mikhasenko, M. Shepherd and E. Passemar
Abstract: In the first lecture, I discuss a problem of the three particles final state. We start considering general
kinematics of the decay process. Then, I introduce a customary representation of the reaction dynamics by the
Dalitz plot. In the following tutorial, I post a problem to reproduce realistic Dalitz plots measured by CLEO and
P 9
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