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P3
Remember? 1
T(s,t) = 16Km Yy (20+ 1)P(cos0)te(s) s = (p1 +p2)°
/
P2 P4
Elastic unitarity a — a 9 4

SST =T —[Se(s)] = 1 —> Si(s) = >
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P3
Remember? 1
T(s,t) = 16Km Yy (20+ 1)P(cos0)te(s) s = (p1 +p2)°
/
P2 P4
Elastic unitarity a — a 9 4

SST =T —[Se(s)] = 1 —> Si(s) = >

Exercise
1 +2:T ' |
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Lets assume that we are at threshold (q=0) or that the interaction is small

oik L4218 (k)

0p ™~ aq

te(s) = > sin 8y (s)e?**) x a

Total cross section??
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Lets assume that we are at threshold (q=0) or that the interaction is small

oik L4218 (k)

0p ™~ aq

te(s) = > sin 8y (s)e?**) x a

Total cross section??

Im ty(s) < 0 ~ 4ma”
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Low energy expansion
N

t(s) = 3 (ang®™)

n=0

Does a polynomial contain a pole?

—MTI
M? — s — i MT

to(s)

Is a polynomial unitary??

Imte(s) = p(s)|te(s)]?
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- 2q(s)
Phase space

By virtue of unitarity

to(s) = 1
S p(s) cot 0 (s) — ip(s)

Freedom to choose \

q(s)cotdp(s) =1/a
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- 2q(s)
Phase space

By virtue of unitarity

to(s) = 1
S p(s) cot 0 (s) — ip(s)

Freedom to choose \

q(s)cotdp(s) =1/a
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Low energy expansion

a(s) cot de(s) = > (ang™™)

n=0
This one can contain a pole\‘

1
)cot dg(s) — ip(s

Pole at

cotdy(s
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Low energy expansion

q(s)cot dp(s) = Z(anqzn)

n=0
200 - . }l ——
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m 180 ______________________________________________ -

150 |

Low energy expansion 120r

Elastic param.

a(s) cot de(s) = ) (ang™)

What happens when we have many channels? 0.14 016 g, Erm

a+b%Zc@'
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m Effective for coupled-channel problems

First-order approx.

G

Higher orders
g NKg —I—KgSZ,OS _gS)—I—Kg_(),O( )Kg()p( )K@(S)—F

g Geometric series

te(s) = Ko(s) [L—ip(s)Ke(s)] " te(s) = [K, " (s) —ip(s)]
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Time reversal

@S = OISl ~ e

Unitarity \
Ko(s) = K (s)

Si(s)ST(s) =1
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Combining the two together

K(s) = Ky (s)

Ki(s) = K[ (s) }

In the elastic region we can recover

1

te(s) = () cot de(s) —ip(s) D Kg_l(s) — ,0(5) cot 56(8)
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Combining the two together

K(s) = Ky (s)

} Ky(s) = K} (s)
Ky(s) = K (s)

The K-matrix is real !!

In the elastic region we can recover

1

te(s) = () cot de(s) —ip(s) D Kg_l(s) — ,0(5) cot 56(8)
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= %
Toolkit to amplitude fitting 60
Good for easy data K(s) = Z(anqzn)
n=0
3<1O3

16;— e S-wave :

141
> 12;—
Good for overlapping resonances = 10—
LO B
= 8
y gt g ) g 6
K”(s) — nen oo P@J(S) o 4AF
£ m2 — g o
n=0 T )
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My fits

| sheet clear of poles

1.0
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My fits

200.
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| sheet clear of poles
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—

J\*

I ncom i n g wave pa C ket Producing a localized wave Producing a wave packet that is

packet requires a continuous more confined in space requires a
distribution of wavelengths. wider distribution of wavelengths.

D (r, 1) = / dE A(E)e vr— &1
0

Scattered wavepacket Remember?

Do (r,t) = / dE A(E)] e N — o / dE A(E)e """ "#1G(r, E)
0 0

Redefinition

D, (r,t) = / dt'g(r,t —t") @ (r,t")
~— — 00 ——
Effect Cause
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THE THEORY MUST BE CAUSAL !!

O
Dy (r,t) = / dt'g(r,t —t") @ (r,t")
N—_—— oo N———
Effect Cause
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THE THEORY MUST BE CAUSAL !!

O
Dy (r,t) = / dt'g(r,t —t") @ (r,t")
N—_—— oo N———
Effect Cause

So that
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___ Scattering [N u PRy
0

For Ein Ct - E?in C — G is well behaved

G(r, FE) i/ drg(r, T)eiET
0

- 2T
pi9)” _ p2(i¢)

No poles in | sheet
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m But for bound states U(t) = \I,(O)e—z‘Mt

Schwarz reflection principle

In mathematics, the Schwarz reflection principle is a way to extend the domain of definition of a complex analytic function, i.e., it is a form of analytic continuation. It states that if an analytic
function is defined on the upper half-plane, and has well-defined (non-singular) real values on the real axis, then it can be extended to the conjugate function on the lower half-plane. In
notation, if F'(z) is a function that satisfies the above requirements, then its extension to the rest of the complex plane is given by the formula,

Se(s™) = 5¢ (s) te(s™) = t;(s)

Above - below the real axis
te(s) —te(s™) = te(s) — ty(s)

te(s) —t;(s) = 2i Imty(s)

10 —0.10
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___ Scattering Unitarit

Complex function with Im f(Re(s))# 0 — Branch cut

Multi-valued function
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My fits

| sheet clear of poles | Analiticity

Il sheet poles

Unitarity

1.0
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m Pole Iin |l sheet « 0 In | sheet

Exercise

Unitarity

<5 Sheet I

-~

1.0_0.10
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Questions??
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e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.
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JFC dictates final states

7 e, - B

Looking at lightest final states

TPC(n) = ¢ ety (0 ) [P = 0t 10, ot

V2

JPCm) =07+ ) JPC () = 0, ot

)
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JFC dictates final states

7€ (my) :-

N 3000

g
> 2500 i |
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S 1500 |||||
~1000f |t
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of Physics G33 1 (2006).

m1(1400) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update
IG(JPC) — 1—(1 - +)

See the review on "Non-qq Mesons” and a note in PDG 06, Journal

CHG COMMENT

1.2

2.4
m(nm ) [GeV/c2]

1.6 2

1354 +£25 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

2.8

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

See the review on " Non-qgq Mesons” and a note in PDG 06, Journal
of Physics G33 1 (2006).

,G(JPC) =1"(1—71)

1(1600) T-Matrix Pole /3

VALUE (MeV) DOCUMENT ID TECN  COMMENT

(1564 + 24 + 86) — i (246 + 1 RODAS 19 JPAC 1917 p— 7(Nx=p |

27 £ 51)
1 The coupled-channel analysis of both the nm and n’ 7 systems using ADOLPH 15 data. l

x1(1600) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

16611' ﬁ OUR AVERAGE Error includes scale factor of 1.2.
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Hybrid

Remember

0,¢) o |YM(0,8)|

11 II.II.I III_li‘lll|5I-I.l_|llhl|.ll_l

L

Illlllll,ll‘ll

P hyok

1 1.5 2 2.5 3 8.5 4 4.5
m(nr ™) [GeV/c?]

li

OGO NONEBEO O

AN RO FANTN FARIIEE T v
s g N PRVIRQISNRCS TN T e e
vef N f =y "y * ' .
e ,‘L -‘--..g‘-.u."\ . S h. b A
O .
O L
I ’ O .
U O .

OO AR NON SO 00 =

1.5 2 2.5 8 3.0 4 4.5 b
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Hybrid

Remember?

0,¢) o |YM(0,8)|

Tensor waves

Vector waves

-1 — I o sin® 0 i

m(n'77) [GeV/c?]
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Hybrid Measurement

_ 1
% > i 7]
) :
P -
t
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Measurement
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Measurement

Our amplitude
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Hybrid te(s) = [K, " (s) —ip(s)]"

Remember? ) ) i n .
i g N ' > .
I S— —_— 8’ . /]
Imto(s) = p(s)lte(s)] S N i

t.(s) contains the pole

I'm ay(s) = p(s)ty(s)a(s)

a(s) is simple

1 k1

ap;i(s) X Zni(s) :De(s)
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Very good fit to data

Describing two diff. peaks

nw — D wave

n'r — Both P, D

The Quest for Exotica

Events/40 MeV
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-':e-

] ] | ] ] ]
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Hybrid

Only one pole

Reconciles for the first time theory «— experiment

3000 6000 '
- P-wave n ©t channel - P-wave n' ® channel
2500__ 5000:— % -
: il : g Exp. + pheno. confirmed 2
2000 — % 4000—
i B : = . s . : : : :
%} e N % 23000/ Investigation of the lightest hybrid meson candidate with a coupled-channel analysis
o u 4 = B - -
= < F i \ of pp-, m~ p- and w-Data
1000— -
E Jf E B. Kopf (Ruhr U., Bochum), M. Albrecht (Ruhr U., Bochum), H. Koch (Ruhr U., Bochum), M. KiBner (Ruhr U.,
500 1000 Bochum (main)), J. Pychy (Ruhr U., Bochum) et al. (Aug 26, 2020)
= = Published in: Eur.Phys.JC 81 (2021) 12, 1056 - e-Print: 2008.11566 [hep-ph]
- ol
0.0 |
0.2 . .
Lattice QCD confirmed
S
(%]
£ -0.6
043 0.44 045
-0.8H ro—o T T
15 1o 15 2.0 2.5 3.0 3.5 4.0 5
Re s (GeV?) Re s (GeV?) %
S 001 F
=
—{
N
-0.02

The Quest for Exotica Arkaitz Rodas



12

Lattice QCD expectation

ap(1450)

f1(1450) @ ag(1450)

fo(1370)  fo(1500)

<

K(1430) ]

Glueball around 2 GeV

Golden channel in BESII
J /4

Stronger coupling here — glueball
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12
10 | . _ _

Lattice QCD expectation ¢

| ap(1450)
ol 0(1450) @ 0(1450)
Glueball around 2 GeV =
2l fo(1370)  £o(1500)

&>

Same as before SESII

S/ m, K

I ? o(1710)

,/ K5 (1430) ]

SESII

x10° - KK S-wave
16 it S-wave 30
14 _
: >
12F 2
%) - I ? =
2 1 O __ y ® 'L' ;"‘. A \\\\\ LO
o - O / \ 'S 5
— 8F ]\ % IR 2
(2 5 = A \ CICD
GCD - 0 I '// AR Lﬁ
> 4 - ' / M \\‘\'\
L u o T RS,
oo i R
o O ‘
:
OF
o | | | | | | |
1.

The Quest for Exotica Arkaitz Rodas



>
)
S
=
O
=

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

We determined 7 particles with precision

S-wave

N ‘IIII‘IIII‘IIII‘IIII‘IIII‘IIII‘IIII

1.4 1.6 1.8 2.0
Mass (GeV)

—h

0.40

0.35

0.30

0.25

0.20

0.15

[ £,(1500) / f,(1710) ]

\'g
k< 0.10
0.05

0.00

o

2.2 2.4 2.6

b_|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
p_[ f,(1500) / f,(1710) ]
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Kp(430)  Kg(1430 We determined 7 particles with precision

0.0
S-wave

0.1

0.2

0.3

0.4

Width {GeV)

0.5

0.6

0.7

N ‘IIII‘IIII‘IIII‘III IIII‘IIII‘IIII

1.4 T 16 1.8 2.0 5.2 >4 2.6
Mass (GeV)

—h

Highest “glue” coupling — f,(1710)

Points to a predominant glueball nature
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Questions??
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Hybrid

We have a multiplet partner

N
o

K*(?) ki

N
O i

ni(?)
7,(1600)

7:1(1600)@;71(?)

ki ki 22|53
M(m’)(GeV/c?)

7,(1600)

o

Weight sum/( 19 MeV/cz)“’;‘

The second one should also be here
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L3
Bl 10

Hybrid

G-

Kinematics are more challenging
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