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Hadrons

Rutherford, 1909, proton
EXTENSIVE AIR SHOWERS
A high energy primary parficle, vpon entering the

Chadwick, 1932, neutron
Cosmic rays aimosphere, inMn;::::h:ﬂl::::wcl-m inferactions
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1947, Discovery of the &, K, César Lattes, Giuseppe Occhialini, Cecil
Powell, George Rochester and Cliford Butler in Cloud Chambers
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Quark model

The Eightfold way. Three quarks for a master mark!
Murray Gell-Mann and George Zweig, 1964

@ )

p = |uud) n= |udd)

my = 938 — 940 MeV

; p
Isospin ( " )
1
Q:l3+§Y, Y=B+S

Gell-Mann-Nishijima
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The Mesan Nonef The Baryon Octet

/s \ VAN

AN ANAYAN
g=-1 Q=0 Q=+ =i o=

n* = —|ud) K™ = |us)

- = |ud) K® = |ud)

1 _
0 —
= —|uu — dd)
V2

x =135 —-140 MeV my ~ 495 MeV

Q=+1




Three quarks generation

J/¥ discovery in 1974, SLAC & Brookhaven, Burton Richter & Samuel Ting

15. Quark Model Charmed mesons, 1976 D* = |cd)

mass > =23 MeVic? - 17307 Govie:

w79-b

up charm top
dv §v z b
down strange bottom
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QCD (Quantum Chromodynamics)
arises from the quark model
(Gell-Mann) to organize quarks
(u,d,s) with spin (T]). However,
Spin-Statistics Theorem:

Experimental evidences, Feynman, 1972

o(ete” — hadrons)

= o(ete — ptp~)
2y Q? 4 1 4 1 1
q%q 2 _ B R e St
R=—= ;Qq73x(9+9+9+9+9+m)
11 . .
) (including quarks up to b)

Other: Decay 7° — 2y




Quantum Chromodynamics (QCD)

Strong interaction

- 1 .
Locp = ¢; (7" (Dy)ij — m i) ¥ — ZGﬁuGﬁ

Non-abelian gauge theory. Symmetry group SU(3). Color: Red, green, blue

a (QZ) — O‘S(:L‘Q)
° 1+ boas(p?) log(Q?/p?) + O(ad)

q 9 9 9
035
9 9
03
q 9 s s

> Assimptotic Freedom - David

T decay (N’LO) =
Tow Q2 cont. (N*LO) o
HERA jets (NNLO) - |
Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO+res) =
PP/PP (jets NLO) =
EW precision fit (N*LO) - 7
pp (top, NNLO)

@ 02
g
Gross, Frank Wilczek, David
0.15
Politzer
0.1
» Confinement - evidence from oM = 01179200009
LQCD o 0 ™ 000
August 2021 Q[Gev]

Molina | Hadron physics




Baryon wave function

» Wavefunction for a baryon (fermion) is required to be antysimmetric
under the exchange of two quarks:

Y (total) = ¢(space) - ¢(spin) - ¢(flavour) - ¢(colour) (1)

» All observed particles are colour singlets:

1
W (colour) = T (rgb — rbg + gbr — grb + brg — bgr) 2)
6

1,2 have / respect to A (CMy2) (1,2),3
have /" respect to B (CM123)

» This means that for the ground-state baryon / =/ = 0

¢(spin) - ¢(sabor)

must be symmetric.
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Baryon wave function

Baryons in SU(2)

2®2=3s5+14 3)
Flavour:
[1,1) = uu
1.0y = H(ud+du) t/=1 (3s)
[1,-1) = dd
1
0,0) = —|ud —du) (1) 4)
v A
202®2=(3s+14)®2=(3502)+(1,®2) 3)

1
1 @(ud —du)u

p
Y 14®2=2y,; ( ) — ¢u, (flavour)
2 % (ud - du)d } n
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Baryon wave function

3s®2=4s+2y, (I=3.2); 2®2®2=45+2y,+2y,

uuu At
|
3 —=(uud + udu + duu) A+
L ] _
: 2 % (udd + dud + ddu) A© (only flavour)
ddd A~

(flavour, spin ) A : (4s,4s):
A (s, = ) = (M =utu
A=) = %(uud +udu+ dUU)%(TTl ST+ =
%[(uTqul+uTuldT+uLquT)+permutations] (6)

1
1 — (2uud — udu — duu) ) ( )

| Ve . p
Y : — ¢, (flavour) @)
2 7 (udd + dud — 2ddu) Ms s
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(Standard) Hadron wave function

(flavour, spin) N: % (2wms»2m,) [show]

p(sz=%)=31ﬁ{2(UTUTdl+dlUTUT+UleUT)

—Wluldl+dTuluT+uldTul)
—(wlutdT+dTulul+uTdTul)}

= L{(2UTUTdl—uTuldT—ulquT)+permutations}
32
(8

Similarly, for mesons, one has,

po(sz=0):\L@(uﬂ—da)%@(THlT):%(UTUHULUT—dTal—dlaT)
1

ﬂ+(sz=0)=—uc_/L2(Tl—lT)= (utdl-uld?) &)

V2 V2




Magnetic dipole moment

. Qe
= —as, ]0
p=o-9 (10)
for a point particle, with spin s, = 1/2, g = 2. Then,
2 eh eh 1 en eh
Hu=So—=—— pg=-gs——=- (11)

" 32muc 3myc’ 32myc 6myC

In the quark model, the magnetic dipole moment is, finagron = .14 ii- For a
baryon with spins, = 1/2,

3
e =(BTI) mlo)IB 1 (12)

i=1

1 1
§[4(ﬂu+llu—ﬂd)+(yu—,uu + ) + (Hu = pu + pg)]3 = §(4/Ju—,ud)
For the neutron, utn = 3 (4p1g — pu). Since pg = =3y,

Hp =

Hn

2
=5 (ep.—0.685) (13)
p
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Isospin

Isospin is a good approximate symmetry in the strong interactions.
mp = 938.28 MeV; m,, = 939.57 MeV

ocp+p—>p+p)~c(p+n—p+n); E <300MeV . (14)
a+b—oc+d

11y = > Walo; Im)lals; Imllals; mame) 17y = " Vol 'm' Yol Imllola; moma)
I,m

I",m
(Fltli) = " CUalol; mamom)C (lolgl; momam) T, (15)
/

Example

1 2
(n™p|T |n"p) = 5‘7(3/2) + 57(1/2) , (16)

iz o1 214
| P>—\/;|§—§>—\/;|§—§>- (17)
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Isospin

(n*p|T|n*py = TG/ (18)

One obtains, [show]

o(rtp-natp) o p—-onp) ocxp—-rn=9:1:2 (19)

For energies, v/s ~ 1232 MeV, the i
cross section is dominated by the -l
A(1232) resonance (I = 3/2), ol
TG2) S5 /2, =t
+ m

(r(nfp ) =3 -

o(np) ot

(Total cross sections, Gasiorowicz, S. :’T
(1966)) |

o L . L 1
900 1100 100 1500 1700 1900 2100 2300 2500
Mass of 7 sysiem (MaVIcE)
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SU(3) flavour symmetry

Isospin breaking, (mg —my)/Aqgcp ~ 1%. Color is an exact SU(3) symmetry:
Since ms > my, myg we expect that SU(3) flavour symmetry is not exact.

u
a |=0| a | vlu=1; 0=éxk (20)
S

1 0 0
u=| 01, d=| 1], s=|0 21
0 0 1
01 0 0 —i 0 1 0 0
ui—d M=[1 0 0 da=1]i 0 0)+— X=[|0 -1 0
00 0 0 0 0 0 0 0
00 1 00 —i
wi—s =0 0 0 =0 0 N 1 0 0
1 00 i 0 0 Ag:% 01 0
00 0 00 0 00 -2
de—s X=[0 0 1 =10 0 —i] ./
010 0 ¢ 0
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SU(3) flavour symmetry

- 1

Ty = 3 (A1 £1A2)

- 1

Vi= 3 (A £iXs)

- 1

Uy = 3 (N6 £ iA7)

ith I: —1)\ and Y—i/\
with I3 = S Ay =5

Quarks:
. 1 . 1 .
Ig’LL:+§’U, I3d:—§d I35 =0
N 1 - 1 - 2
Yu=+§u Yd= +5d Yb=7§&
Since (ms — my)/Aqep < % the symmetry is broken, but still very useful.
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Quark model

Most quark models contain:
Confining interaction (harmonic oscillator or linear) + spin-spin interaction

Color-magnetic interaction (analog of the ‘hyperfine’ interaction in QED) for
S-wave:

Hi = —asM )" (5a) (3 a), (22)
i>j

Example. Empirical formula for the masses of mesons with zero angular
orbital momenta:

- -

Jgq9 - 02

M=mi+ms+a (23)

myms

G1-0p=4[32-3,2-3,2%]/2=2

3 1 s=1
s(s+1)—§] :{ 3 s=0 (24)
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Quark model

3® 3 =8+ 1. The lightest mesons divide into:
» Pseudoscalar mesons with s =0
» Vector mesons with s = 1
Taking m, = my = 310 MeV, ms = 483 MeV, a = 160 MeV, one gets,
™ p K K* 7 ¢
th. 140 780 484 890 559 1032
ex. 138 776 496 892 549 1020

N
KO(ds) ’ -= =@ K*(us) Empirically, we find
i N 0 = 5 (i)~ |a)
/ _ ——
H_(dﬁ) > n'o T]' \ Tl'+(ud) ™ \[ ‘uu
\ . ; 7;%7(\7111 +|dt§>72|ss})
\ / 1
\ I 7 —(u‘u+dd+ss)
K*(s) @~ -~ @ K°(sd) V3
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Quark model

A

K*°(ds) @~ @ K'*(us
( S)’P S 0 = 7 (i) — |ddD))

’ A =

pr(dn) ¢ o) e N ptd)

o = (i) + |d)

\\ @ ,/ ¢ = s5
A s
K'(su) 9=~ -& K*0(sd)
Within the quark model ...

» The different masses within the octect comes mostly from the fact that
ms > my.

» The different masses of the 7 and p mesons can be mostly attributed to
spin-spin interactions

» The n” meson predicted mass differs significantly from the anomalously
large observed value of 958 MeV. This is the so-called n — n’ puzzle.

Remark: LQCD cannot generate the p meson with only gg operators.
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Experiment

o and B ine'e Collisions

2
1 10 10
Figure 52.2: World data on the total cross section of e*e” — hadrons and the ratio R(s) = ofete” —
hadrons, 5)/o(e » ptp~,s). olete” = hadrons, s) is the experimental cross seetion eorrected for initial state
radiation and electron-positron vertex loops, alete™ — p*p~ s) = 4ma®(s)/3s. Data errors are total below 2 GeV

and statistical above 2 GeV. The curves are an educative guide: the broken one (green) is a naive quark-parton model
prediction, and the solid one (red) is 3-loop pQ prediction (see “CQuantum Chromodynamics” section of this
Review, Eq. (9.7) or, for more details [99], Breit-Wigner parameterizations of J/y, 1(25), and T{nS).n = 1.2,3,4
are also shown. The full list of references to the original data and the details of the R ratio extraction from them can
be found in [100]. Corresponding computer-readable data files are available at http://pdglblgoy /current (xsect /.
(Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2019, Corrections by P. Janot
(CERN) and M. Schmitt (Northwestern U.))




Quark model

Possible quantum numbers of qq (S = 0, 1). Since the total spin, J="L+ g‘,
Parity and C-Parity are preserved,

> Parity, P = (-)"(-) = ()"

> C-Parity, C = (-)"(-)(-)%*" = (-)"*®

For ordinary mesons, we have:

§S=0 S=1
0+ 1
1 +- O++’ 1 ++’ 2++
27t 17,277,383
3+— 2++, 3++’ 4++

~r~r~r~
I

I
w N = O

Note, that we cannot have with qq,
JFC =070, 17,20 8 (25)

The 71(1400) has been observed with J7° = 1™+ inthe 77p — nap
reaction. “Hibrid”, gqg. GlueX experiment at Jefferson Lab.
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Godfrey-Isgur Quark Model

PHYSICAL REVIEW D 'VOLUME 32, NUMBER 1 1JULY 1985
Mesons in a relativized quark model with chromodynamics

Stephen Godifrey and Nathan Isgur
Department of Physics, University of Toronto, Toronto, MSS 147 Canada
(Received 12 December 1983; revised manuscript received 10 May 1985)

We show that mesons—from the 7 to the Y—can be described in a unified quark model with
chromodynamics. The key ingredient of the model is a universal one-gluon-exchange-plus-lincar-
confinement potential motivated by QCD, but it is crucial to the success of the description to take
into account relativistic effects. The spectroscopic results of the model are supported by an exten-
sive analysis of strong, electromagnetic, and weak meson couplings.

is the color hyperfine interaction, and
H|W)=(Ho+ W) |W)=E | ¥) H;ozygatcm»+Hap<tpy )
is the spin-orbit interaction with

2
m.-+’22m—: (2a) H,_j’etcm:wal(;) JRE i+_si
r mi mj mj
. N 6)
Vi(p,r)—Hi™ + HP+ Hi +H 4 (2b) its color-magnetic piece and with
where 1 3HE™ [ s,
— (7)
" . ay(r) r o i
Hym=— |3c+3br— == |F'F, 3)
includes the spin-independent linear confinement and p—
B . A28 e ki
Coulomb-type interactions, ‘ QWJW .
(r nm g PRI i
PO L . . ‘ e
mym; 3 ORI Y. Ty
3S;-1S; 1 e
s, | |FoE e
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Godfrey-Isgur Quark Model

» Difficulties to explain the masses of some excited states ...
> In particular the JFC = 0", o, k, (980), a9 (980),
which decay in two pseudoscalar mesons, nr/rK/KK

5% [ © DESY-PETRA-IADR (30)
o | ®  DESY-DORIS-CRYSTAL-BALL (86)
e T T T H | — Total
v lion 1
: i ---— Without w-yn
300f < Soluion A H 80— Total S—wave
- L
3
7

« Estabrooks & Martin s-channel
210[] » Estabrooks & Martin t-channel

wof]> Billens | Cwod ﬁﬁﬁ]
+ Solution E
2a0f| + Protopopescue . (TaieV) ﬁ}éﬂ
]

a(yy>n°n) (mb), L

+ Kaminsd et . } ]
180 -
150 ]
120l j 1 20
o f !
60 ! %}L} B T E

.-'ii"'ﬁg ol e S R N N |
2ol b 7o o w0 g 0 e a0 1400
o T Y U S R 1ev)
200 500 600 700 800 900 1000 1100 1200 1300 1400

s (Mev)

» Other light mesons difficult to explain: f,(1500), fo(1370) (J7¢ = 0*)
» Mesons observed with quantum numbers that

, m1(1400), 711 (1600), JC =17+ ...
» Other examples in the baryon sector: N(1440), A(1405) - --
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The o meson

What is the of the scalar resonances? Is there a light scalar nonet?

P
'S, channel

K;(800)  K;(800)

I I
ER -l | I A
= [ ap(980)
! )(980) s

o "1 . rl K00 K800

» 70’s. Analyticity, unitarity and crossing symmetry constraints required a broad
o pole (Guillou, Morel, Navalet, Basdevant, Froggatt, Peterson, Roy).

» Glueball scenario. Not favored by LQCD, large N, chiral symmetry.
> Alternative scenario to q@, Jafte, 1976, MIT bag model, tetraquark?.

Rev. Part. Phys.’73. It is clear that the behavior of the (58 is much too complicated to
allow a description in terms of one or several Breit-Wigner resonances. We therefore
list the positions of the poles of the T matrix.
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Hadrons

Standard Hadrons Exotic Hadrons
Mesan Baryon

> Regular hadrons: qq qqq

Ko [ ke

/ e /
N g « DO i
\\ \ /,/ﬁ diquark-diantiquark
o e 6C )
74
pA

> Exotics: 99qg, 99999, 9q9....
Not gg: JPC = 0%, 17+, 2+,
37,

_ % qq-gluon“hybrid”
D° - D “molecule”
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Exotics: The X(3872)

PRLO3, BELLE (close to D°D*0 th.)

We report the observation of a narrow charmoniumlike state produced in the exclusive decay
process B* — K*m*a~J /1. This state, which decays into 7" 7~ J /4, has a mass of
3872.0 + 0.6(stat) + 0.5(syst) MeV, a value that is very near the My + My mass
threshold. The results are based on an analysis of 152M B-B events collected at the T(4S)
resonance in the Belle detector at the KEKB collider. The signal has a statistical significance
that is in excess of 10a.

30

_Ia) a‘iqna‘l rclqion‘ i

“The measured mass of the state is within errors of the DYD*0 mass threshold (3871.3 &
0.5 MeV [7]). This would be expected for a looscly bound DD* multiquark “molecular
state,” such as proposed by De Rujula, Georgi and Glashow in 1977 [Ld).

-
w

CONCLUSION

Events/5 MeV/c?

‘We have obse ate that

ed a strong signal (8.60) for a s ccays Lo T~/ with

M = 387184 0.7 (stat) + 0.4 (syst) MeV
MeV

I' < 35

This mass value is about 60 MeV higher than potential model predictions for a 1D charmo-
3820 3860 3900 nium state and equal, within errors, to Mps + Mo, This coincidence with the D°D* mass
threshold suggests that this may be a DD* multiquark state.

M(r" e Jiy) (MeV/ic?)




Exotics: The Dg(2317) and Dg4(2460)

BABAR, CLEO’03
PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press Ab]

Observation of a Narrow Meson State Decaying to Df 7° at a
Mass of 2.32 GeV/c?

B. Aubert et al. (BABAR Collaboration)
Phys. Rev. Lett. 90, 242001 — Published 17 June 2003

051 (b)
~, 120
« Babar observed 5 0] .
D,,"+(2317)-D* m° S ol f BRI YERM
Phys. Rev. Lett. 90(2003)242001 : o B
« Cleo observed 0Lt - - - L.
D,,*(2460)—D,**r° a2 23 2 25 Similar masses to the
Phys. Rev. D 63(2003)032002 : *
. D, in final state oz e DK, DK™ thresholds

—ft

> most probable assignment
[c s] L=1 states
« ~100 MeV too low compared

to early quark models ‘ko 2 a0 aw s
Godfrey, Isgur, PRD 32(1985)189 M(D; ) - (D) (MeV/c')

events/5 (MeV/c')
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Exotics: P;(4450), pentaquarks, and other XYZ

LHCb, PRL15

i
¥

s 44

g Y(3680)

o 3 —

© L

2 ¢

§ "

g $uo

w H

Clear evidence of exotic states!

s
W ( ﬁ}K_ o Hidden-charm charged tetraquarks Z& ~ cdué (D(*)D(*)).
,Jb g Ig Hidden-strange candidate? a9(980)7 ... more?
A 3_’\»—3 o Hidden-charm (strange) pentaquarks P’ | ~ ccuud(s), (D(*)Z (_ ))
—_—— (s

Hidden-strange candidate? N*(1535), (strange) A(1405), ...more?

1,5 2n (MeV)

(1/2,0) DX, PRL 105, 232001 (2010) PHYSICAL REVIEW LETTERS 3 o0
4418 2.75
©,—1) DAY A Prediction of Narrow N* and A* Resonances with Hidden Charm above 4 GeV
4370 1.23 0 e W R Mol 012 i 15, 7'
55 95 s o i P P, CAS. B 001 i
4550 0 253 Dt de FiscaTiricaand 11C. Conro ity Univerndde i CSIC. s de Icsisaionde e
partado 2 55 4 e e
N _ ot s o o S i, A8 A 10013l
TABLE IV: Pole position and coupling constants for the ectod Stk B0 et 5 Noverhe, 3110
bound states from VB — VB. e nsacton o

samel unitary appeosch it the local hidden zauge formalism, Several mson-biryon
arow N and A resonnces ith hidd

¢ than 100 MeX. The preictsd new 1

prediced with mass abose
definiely cannot b accom-
or PANDA!

FAIR experiments.




Exotics: T, signal in D°D%x*

g,_: 70: T — ]
= LHCD % ] 2
g 605 o~ 525 + 1 o v L ‘ ST ‘:m b
S + - I N R ]
o AV ARE z
0E T T ]
200 # e E o8- = 1
10 + ﬂ Hﬁ &# +ﬁ wﬂw 0.4; My f
Eo ﬂﬁ ptt's - fﬁ# { {ainal it . ]
S ] 02 w T b
387 Y Y 39 r SRR
MDD+ [CE\/(’z} L I | ]
Nature, 18 (2022). BEFORE 0 Srmoomaee Do
resolution: Nature, 13 (2022). AFTER resolution:
Mexp = 3875.09 MeV + dmexp SMexp = —360 = 40t‘(‘) keV:
6mcxp =-273+61+ 5t1111 keV; =48 + 2J:(1J4kev

=410 + 165 = 43"18 keV/

Remarkably close to the D**D°/D*°D* thresholds!
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Flavor exotic tetraquark T.s(2900)

LHCb (2020) Two states J° = 0*, 1~ decaying to DK. First clear example of
an heavy-flavor exotic tetraquark, ~ €sud.

Xo(2866) : M =2866+7 and I =57.2+12.9MeV,
X1(2900) : M =2904+5 and I'=110.3+11.5MeV.

80
70
60
50
40
30
20
10

Candidates / (17.3 MeV/c?)

T T T T T,

PRL20, PRD20
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New exotic tetraquark seen in DI x*

LHCb (2022) One state decaying T¢5(2900) decaying to D7~ and Dn* has

been observed ~ csud.

—— Total fit

—— D5 (2460) D,

—— D (2600) D}

—— D;(2750) D}

—— D] (2760) D&
D(3000) D

———————— - D'(2010)- D

B° - D°Din~ B* > D Din*

LHCb
9 fbo!

' A
1001 1 HCh IS
<
3 o
S | preliminary
H
5
=
=
2
g
o

| 9!
preliminary

2

Candidates/0.014 (GeV)

T4,(2900) D

—— Das-wave D

Background

e it - il
30 32 34 22 24 26 28 30 32 34
M(D;77) (GeV) M(D; %) (GeV)

» The analysis favors J© = 0F
> Mass, m = 2908 + 11 + 20 MeV D°K* th.: 2903 MeV
> Width, T = 136 + 23 + 11 MeV Dsp th.: 2890 MeV
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Symmetries

Lorent invariance requires S (action), L, Lagrangian, to transform as scalars:

L= / PxLBX), 8ud(X), 1)

S-= / gt L = d*X L($(x). Bub(x). 1)

(26)
Then, under an infinitesimal variation,
- P+6¢
Oup — 0, +6(0u0) 27)
. L oL oL )
Hamilton Principle 6S=0— — — — | = (28)
b 9 " (a<a,,¢>

Example. Free fermion.

L =y (iy, 0" —=my — (iy*d, —m)y =0 Dirac equation (29)
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Symmetries

Given L symmetric, under an infinitesimal field transformation,

¢ p+o¢; L(p+6¢) = L()

(9.[: 0L
0
- 6#Jﬂ =0, Jll = (%a—l‘iﬁ,)é(ﬁl (30)

(Noether current) A conserved current leads to charge conservation,
3 d
Q= | d°xJp(x);—Q =0 3D
at
Massless fermions. Consider the vector and axial symmetries,
L=iydy, j=ud (32)

- -

Ay g — e 1E A o (A—iz-ay, Aa:y— e Y53 IV & (1 _i75£ ol
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Chiral symmetry

The Lagrangian is invariant under these symmetries SU(2)y x SU(2)4, and
the vector and axial-vector currents are preserved.

_ Ta _ Ta
Vi =dvug¥i AL =dvays v (33)
However, when we introduce a mass term,

6L =-myy) ., (34)

the lagrangian is invariant under Ay, but not under A4, since,
_ _ o (-7
Aa - m(p) — Y - 2ia - (l//?yst//) (35)
Still, m,, mg << Agcp =~ 200 MeV. PCAC. Partial conservation axial current.

<0|AZ (X)|7Tb(Q)> = ifﬂqu(sabe_iq'x; AZ = fna,ﬂl’(x) (36)
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Linear sigma model

Gell-Mann and Levy, 1960. Chiral limit. Nucleons and pions.
L=ipdy — gz (GysTUTt +gpor) — /Zl((ﬂz +02) — )%+ %@,naﬂn + %6,40'0”0'

Transformation of the fields under A4 (infinitesimal),

T
Y — (1—/')’55'&)'//
Ty — T+ o

o — 0 —Qn; (37)
can be shown by using combinations of quark fields,

©:igTysq; o :Gqq (38)
and the combination below remains invariant,

m+o02 540l (39)
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Linear sigma model

The potential,
A
V=V(#r®+o?) = Z((;r2 +02) = fr)? (40)
has a minimum when o = f; for 7 = 0 and has a form of a mexican hat.

V(o, 1=0)

Figure: (a) No esp. breaking; (b) Esp. breaking
(Goldstone theorem and pseudoscalar mesons). <o >=0p=fy
Ground state, <m>=0

o =0p+00;, T =0 Mn =gn00 =9nfr

V(o,m) = A2 (60)2 + O(6°) m2 =2 #0; mg =0
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Explicit symmetry breaking

0L=-mgg (QCD); dL=e0c (LSM) (41)
Potential with explicit symmetry breaking,
2, o _ A2 o 2
V=V +O’)=Z((7T +0°) -V — €0 (42)

If we require that the new minimum is still f, to preserve the
Goldberger-Treiman relation (g nn = 9a %),

Vo ="Ffpr— ——= V(o, n=0)
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Explicit symmetry breaking

€ m2,
N=0Mn=0r—> 2g7rf7r_2
m{T

€
My =9gr00 = Vo + 2
N =3dn00 gﬂ( 0 2/”2) T 2/lf,2r

Experimental value from pionic atom data, X5 = 57 + 7 MeV. Friedman,
Gal, PLB19. We expect that,

(Olecr|0) = (0] — mgq|0) (43)

By using, € = mf,, and (0|c’|0) = f,,

mu+ d

m2.f2 = (O|du +dd|0) (GOR) (44)

Exact expression of the pion-nucleon sigma term,

SN = %(qu +dd|N) 45)

Alfaro, Fubini, Furlan, Rosseti, Currents in hadron physics 1973; Gasser, Leutwyler,
PRD82; H. Hohler, Pion-nucleon scattering, 1983
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Heavy quark symmetries arises when mq >> Aqcp. QQ system,
Ap = Agcp — Av = ,ﬁ—g — 0 in the limit mg — oo. The heavy quark
behaves as a static source.

The heavy quark interacts with gluons through the chromoelectric
charge. Spin dependent interactions, u€ oc 1/mq. Heavy Quark Spin
Symmetry (HQSS) and Heavy Quark Flavor Symmetry (HQFS)

SU(2) spin symmetry, heavy hadrons organize into doublets with
approximately similar mass and it is possible to work in this basis

|SH, L,JY HQSS basis (46)
Doublets

(D,D")  (ne.J/¥) (Ds, D7) - (47)
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Qq-like systems

D(s) mesons, ji =L + %
» L=0:J°=0",1" (D,D*), (Ds, D)
» [ =1: Two Doublets:

> jP = 1% UP = (0,1)*. D*(2300), D;(2420) ?
> jP =387 JP = (1,2)". Dy(2430), D}(2460) ?
> jP =17 UP = (0.1)*. Ds(2317). Ds(2460) ?
> jP =37 UP = (1,2)*. Dy (2536), D,(2573) ?

» However, there are some puzzles:
> Exp. masses and widths of the Dgg(2317) and Dgq(2460) not compatible
with g expectations. Role of the DK, D*K channel.
> Masses of the Ds counterparts are expected to be 100 higher since
ms/mg =~ 20. However,

B(DSO(2317))DK = B(DS1 (2460))D*K ~ 40 MeV (48)

> Measurement of the Djj(2300) mass varies from 2300 — 2400 MeV.
Possible two pole structure related to D, DsK channels. Not confirmed
yet by LQCD.
Kolomeitsev and Lutz, PLB04, Albaladejo, Fernandez-Soler, Nieves, Guo



Scattering (Lippmann-Schwinger equation)

H=Hy+V, (49)

(Ho+V)ly) = Ely) = (E - Ho)ly) = VIy)
Hol¢) = El¢) = (E — Ho)|¢) =0 (50)

Subtracting both equations,

N Yy — )y — 1 +)
(E = Ho) (1)~ 1)) = Vi) = | 1") = 16) + =gV )| (51

We define the scattering amplitude, V| (")) = T|¢).

TIo) = Vip'™) = Vig)+VE—-viv™)
= VIO + Ve TI9) - (52)
T:V+VE_HOT (53)




Scattering equation

Scattering of two mesons. Relativistic, in the momentum base, (quantum

field theory)
’ ’ . d4q ’ ’
T(p.p) = Vip.p) +i [ V(eI (@0 (54)
1 1
| =
@ q2—mf+ie (P-q)2—my+ie (55)

P# = pl' + p4, C. M. frame, |p1| = |B2| = p. Po = V/s. When V is soft can be
taken outside of the integral, in the so-call on-shell aproximation.
Bethe-Salpeter

4
T=v+var] Gzi/%/(q) (56)

This equation can be also written as,

T'=v'-aG (57)
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Scattering equation and unitarity

Unitarity in coupled channels S-matrix y, and ¥ _ are the in and out

scattering states. ¢; and ¢ are the initial and final states asymptotic states
coming from —co and going to oo.

lpe) = Qulg) vy =Q_lgr) S=QlQ, (58)
Pir = W) P = (el QI QL |01) 2 = [{p¢]S| i) 2 (59)
S=1+i(2n)*s*(P; - P)T (60)

Probability conservation

SS' =878 =1 = (2m)*6* (P = P){i(ty — ) + D | (27)*6 (Py = P)tigtyi}
n
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Unitarity in coupled channels

» Unitarity in coupled channels:

Imt; = tino'nnt:;f (61)
Pn

8m/ge(s — (myp + myp)?) and p, is the on-shell c.m.
momentum of the intermediate meson (our normalization).

with o () = —

K-matrix formalism: T~' = K~' —jo, where K~! = ReT~'. And,
c=T'ImTT ' =27 (T-THT ' = (T -T7") = -ImT"".

Therefore, T-' = ReT~ ' +/ImT~' =ReT~' —jo, or

T=[ReT' —ic] | (62)

p

8ry/s

T'=v'"-G=ImT ' =-ImG =

(BS one channel)  (63)
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S-matrix parametrization

In the one channel case, since Im7~' = #\/g, the relation of the S-matrix
with the scattering amplitude in our convention is,
S=1-ij P T (onechannel) (64)
47+/s

For one channel, S = €%, with § the phase shift. Low energy expansion
(Effective range approximation, ERE)

1 1
pcotd(p) = —2*2 ? + O(p*), (65)

a is the scattering length, and r the effective range. Two coupled channel
case, the S matrix is paramtrized as,

B 7792,'61 i(1 _n2)1/29i(61+52)

- i(1 _,72)1/23i(61+62) neZiég

and for the T matrix one has,
4nE AnE AnE
1 =——[8)11-1], (Moo=—"—[(S)a2—1], (T)2=—-
(T4 e [(S)11 =11, (T 2 [(S)2 =11, (T2 b ibs

(S)2 -
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Poles in the second Riemann Sheet

Why do we need to go to the II Riemann Sheet?

2 ...
i g .

s—M2+iysI(s) ' |
Resonance decaying (s-wave) into two : . :

mesons 1 and 2. Take v/sT'(s) = Bq. i

gl ) o O 1
P e W e 70 g=5Vs—4m?
e H“ R 7 . .

B L For part?cles with eq.ual

EET mass. Sinces=a+ib,

N . . . .
s a,b > 0, in principle there is
23
ey no pole.
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Poles in the second Riemann Sheet

Loop function. The
imaginary part can be
evaluated with Cutosky

rules
my 1 G
IA' X
= = H:\, e T .
. g § M2 g ‘.‘1-
If s = a — i b one also does not find a 4
solution, unless we change q by —q. q
- ion: ImG=-
Bethe-Salpeter equation: 87ys
1 Resonances are found in the

v-1-aG II Riemann sheet
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Poles in the second Riemann Sheet

Virtual state. If we have a bound state very close to threshold and below
with V-1, and wesum§ >0,V > V+6,T = m will have no pole,

but, ...

Since G = G + isf_\/gq’ and below

the threshold g is purely imaginary:

G'=G-y(am® —s)'?

We will find a pole again in the II
sheet but below the threshold. v
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Poles in the second Riemann sheet

s sheet 1
e (physical sheet)
C
o
— ]
fm k b Res ©
A
A +b C
a o
° Xp X ORek sheet I1
B Ty r D Im s (unphysical sheet)
'y B
Xo
—— ]
v Res O
D

Figure: Momenta and energy complex plane. Hanhart, Pelaez, Rios, PLB14.
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Poles in the second Riemann Sheet

The Schwartz reflection theorem states that if a function f(z) is analytic in
aregion of the complex plane, including a portion of the real axis in which f
is real, then,

[F(Z)]* =1(2)

The loop function G satisfies these conditions, therefore, for
Re(+/s) > m; + M;, we have,

G(Vs—i€) = [G(Vs+ie)]* = G(Vs +i€) — i2ImG(Vs + i€) (66)
Since the beginning of R2 is equal to the end of R1, we have
G'(Vs+ie) =G (Vs —ie) = G' (Vs +ie) —i2ImG' (Vs + i€) (67)

Since the analytical continuation is unique,

G"(Vs) = G'(Vs) +i4nq\/§, Img > 0 (68)
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Poles in the second Riemann Shee

Real and imaginary part of G' (D*p system)
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Scattering amplitude in the finite volume fy

1

Infinite volume: T = ;5.

(1 ch. 2 mesons), two-meson-loop function G:

d® 2M;
G:GCO(E)Z/ q wi+w2 i (69)
q

<G (27)3 2w1w2 E2 — (w1 + w2)? + €

where w; = 4 /m,z + |G |? is the energy and g stands for the momentum of the
meson in the channel j. In the finite volume, the momenta is quantized,

Gi = —ny; T—T: G(E) — G(E), (70)

[ ;

Finitevolume : T = = (71)
V-1-G

[1] M. Doring, U. G. MeilBiner, E. Oset and A. Rusetsky, Eur. Phys. J. A47,
139 (2011). M. Doring, J. Haidenbauer, U. G. MeiBiner, and A.
Rusetsky, Eur. Phys. J. A47, 163 (2011)
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Scattering amplitude in the finite volume

aa=%ZME%, (72)
qi
w1(G) + w2(Gj) 1
2w1(G)w2(Gi) (E)? — (w1(q) + w2(g)))?

and § = 27, w1 2(§) = \Jm?, + 3.

I(E,q) =

(73)

Roca and Oset, PRD12
a1(1260) (rp)

. i
. L b1 Il
1000 1200 1400 1600 1800

E [MeV]

FIG. 2. Loop function in the box 5ﬁ, (solid line) and V!
(dashed line) for L = 2my" and pmax = 1 GeV. T_bc dashed
dotted line corresponds to the case with stable p, I1{s,)=0.
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Scattering amplitude in the finite volume

For the discrete energies satisfying,
-1 - -1
TE) =(v'E)-eE) =(6E)-6E) . (74)

—-8rE

Phaseshift T(E) = ——,
pcoté(p) —ip

(75)
Thus,
pcotd(p) = —87rE=é(E) (G(E) + —)}[ above threshold ] .

Above threshold, G(E) + jp/(87nE) = Re G(E). Effective range expansion,

;
pcots(p) = —+ —rp ?+0(p")., (76)
Below threshold, p =iy
Ve = anel&eE) - [ae) - 7
a 27 - 8nE

[ below threshold ] . (78)
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Relation to the Liischer approach

We start from,

1 w1 + w2 -~ 1 1 1 1

2wiwp B2 — (wq +wo)2+ie Ep2—62+i€_2w1w2 witw2+E
1 1 1 1
4w1w2w1—w2—E 4w1¢u2¢u2—w1—E

Liischer90, the contribution from the last three terms is exponentially
suppressed in the difference G(E) — G(E) and can be neglected.

‘a|<‘7mux |a | <Qmax 33
. 1 d
G(E)—G(E>={ >, -f q}
g

L3 (27)3
X 1 1 + B 1 1 ‘q|<‘7max 1
2E p? — GP + e C2E 13 L prog@?
1% Qmax — P ip
+ — +=log——|+—=+---, (79
47T2E (qmax 2 g Grmax +p) = ( )
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Relation to the Liischer approach

Doring, Meissner, Oset, Rusetsky, EPJAll

L3 P2—G2 on? } ~Ton 3/2L

Zoo(1,5%), p=

lim

Qmax —0

‘a ‘ <Qmax
{ 1 1 _ Qmax

i

where Zog stands for the Liischer zeta-function. One obtains, the Liischer
equation

peots(p) = — 132 Zoo(1,p?)

and is cutoff-independent up to exponentially small correction.
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Boost, Asymmetric Boxes and Partial Wave Decory

position ( /y

/‘

Doering, MeiRner, Oset, Rusetsky (2012)

G1,G0 =P —G1,s= W2 = (P%2 - P2, and §* the momenta in the CM frame

d3q* L. 1 -

e (@D =GP =55 Z (13" @) (80)
- GioP 4
q Q12+[(;’/§ 1)57'1;'2 I;’OZJP Wlthquﬂlnx ny, ,]) :T”(Nx Ny, ,])

Tim, v (P.P") = Vi (0, 0" ) 61 S + Z Vi, ™) G (@) T (@™, 07) (81)

" 1/
I"m

| det(Sp 0 — Vi@, G ) G e (9°)) = O 82

Irreducible representations for asymmetric boxes and boost P= f}—’[ (0,0,1),

I=L=0—>A+:—1+VOG00,00=0
I=L=1 —>A£:—1+V1G10’]0=0;E_ : —1+V1G1]‘|1 =0
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Meson-Meson scattering in ChPT

» ChPT expansion of the amplitude for meson-meson scattering
t(s) = ta(S) + 14(S) + ....tac = O(p™) (83)

» Lowest-order Chiral Lagrangian

2
Lo = %(a,,u"‘af‘u +M(U+U")) (84)

Li=  L{(8,UT0"UY + L(9,U"8,U)(d* U8 U)
+L3(0,U" 0" Ud, U0 U) + Ly(0U" 8" UY(U'M + M'U)
+L5(0,UT0"*U(U'M + MTU)) + Le(U'M + M U)?
+L7(U'M = MTUY? + Lg(MTUMU + UTMUT M) (85)
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Chiral Perturbation Theory

where U(¢) = exp(iV2®/f), and

z . n + +
etw " K
®(x) = T 4 KO (86)
K~ \/5,_(0 v -2p
\CR
m> 0 0
M=| 0 m? 0 (87)
0 0 2mi-ms

[1] J. Gasser and H. Leutwyler, Annals Phys. 158, 142 (1984)
[2] J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)
[3] J. A. Oller, E. Oset and J. R. Pelaez, Phys. Rev. D 59, 074001 (1999)
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Chiral Perturbation Theory

Pseudoscalar meson masses at LO

M2 =2myqBo.,
My =(Muq +ms)Bo ,
2
M5, =3 (Mug +2ms)Bo . (88)
Quark condensate value in the chiral limit,

To = —(0Gql0)o = BofZ, (89)

with g € {u,d, s}. Chiral trajectories:
1
miy = —Emgﬂ +CBy, (90)

for TrM = C and ;
mOK:+§m§n+kBo. 91)
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Meson masses at NLO

The physical masses can be expressed as a function the leading order masses
(Mp), LEC’s (L") and pseudoscalar decay constants (f).

[ 16M? 8M?
2 _ ag2 Hn 0K r r 0 r r r r
MZ =M . 1+Mn—?+ 2 (2Lg —Ly) + 2 (2L6+2L8—L4—L5)],
L 0 0
2 2 | 2“'7 8M§7r r r SMSK r r r r
Mic = Moy |1+ =5~ + 2 (oLg —Ly) + 2 (4Lg+2Lg —2Ly — Lg)|,
L 0 0
2 2 4 SMS’I r r 8 2 2 r r
M3, :Mon 1+2uK — éu,,+ T(ZLS—LS) + f—2(2MOK+M0n)(2L6—L4)
0 0
2 1 128
MG | =H + GH+ ghn |+ g (Mg = MG ) (3L7 + L),
0
M? M?
0P 0P
p= lo Qs P:nyKa 5
. 32r2f2 . e 7

where fy is the pion decay constant in the chiral limit.



Unitarity amplitude in coupled channels @
Z

Expansion of T~" in powers of p:

T ~ Tg + T4 + ...
T = M+ + ) =T, (=TT
T=ToT, [ReT ' —ic] ' T; Ty = To[ToReT ' T, — iTooTo] ' Tp

Inserting the expansion of T~ in the first member of [],
To =ReTo, ImT =ImTy = Too To.
ToReT ' To = ToRe(T, ' (1 = T4T; ") T2 = To — ReTy.
Thus,
T=To[To—ReTy —limTy] ' T — T =To[To = T4] ' T2 (92)

ReT, = T + ToReGT, ImG = o=, G = Two meson func. loop,

T=To[T2—T; — T.GT2| ' T, (93)
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UChPT (NLO) Oller, Oset, Pelaez (1999) @
)

ViamMm is the kernel of the scattering equation:

T=T+VGT — T = [l - ViamG] "Viam, with (94)

Viam = [1 = Va(Vo) '] Ve (95)

4
Va= =2 ((2L; +L3)(s —2m%)?

V, = mnz—s +Lo((t-=2m2)% + (u—-2m3)?)
fx 12(2L4 +Ls)m2 (s — 2m2)
+4(2Lg + Lg)m*)
I[=L=1
—s | VI = —2p%/(3(f% — 8l; m> + 4l, E?)) (96)

and,71=2L4+L5, 72=2L1—L2+L3.
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Unitarized Chiral Perturbation Theory @
7z

Partial wave decomposition

>% >% Ti= ) (2J + 1)TyPy(cos )
J
1
-1

Vo0 (g) = 3(m? - 2s)?
e 6f2(m% — 2s) + 8(Lam* + s(Lpm% + LS))
L, =—36l; +44l, +20(5L, + 6Lg +3Lg) ,
Lp =12]; — 40, — 80L,,

Le =11l, + 25L,, 97)
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Application for the analysis of LQCD data

(M1 = -8ZE[(8)11 - 1], 2 coupled channels 7 — KK, p(770)

2ip1
(Theo = =575 [(S)e2 11, B ne?is i(1 = 2)1/26/(61+52)
_ __8nE T \i(1 = n?)1/2gi(61+62) o262
(M2 = 2,-\/7;1@(3)12 . (1-n% n

2.0fw002 ] N
1.8 .
160 Rl o am, =0.1390(5)
3 14f0Ln am, =0.4603(10)
g G =5.99(11)
lg 1.2! o ¥/dof=335/9=3.7
001 ]
am,=0.4613(10)
10 9:x=5.6912)
08 x/dof=8.04/6=1.34
35 20
0.6l 00
10 15 20 25 BT
n

45
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The p(770) meson

Guo, Alessandro, Molina, Doring, PRD16. Molina, Ruiz de Elvira, JHEP20

1.10, T T T T T
150+
— 100}
3
50 —— Ny=2 extrapolation | — UyPT
g 0.85} e
2 — N=2+1esimate -=- Roy—Steiner
200 . . 9_3350 , , . . .
600 800 1000 1200 900 950 1000 1050 1100 1150
Ecn[MeV] Ecm[MeV]
IAM - J303, Tr M=c — 1AM (m, mS,)
150 1501, Protopopescu
Estabrooks
o~ 100 100
S s
50
50
0
2.0 25 3.0 35 4.0
200 00 50 a0
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1000

1200
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The o meson

Guo, Alexandru, Molina,
Mai, Doring, PRD18
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Introduction



Flavour exotic states

Molina,Branz,Oset, PRD82(2010)

C,s Channels I[JP] Vs Ta(AN=1400) Tpg(A = 1200) State \/Eexp lexp
1, -1 D*K* o[ot] @ 23 59 X((2866) or Tcs(2900) 2866 57
o1t] 2839 3 3
o2*] 2733 11 36
1,1 D*K*, D} w o[o*] 2683 20 71
D¥ o o[1t] 2707 4x 1073 4x 1073
o2t] 2572 7 23 Dg»(2573) 2572 20
1,1 D*K*,D}p 1[0F]  Cusp structure around D p, D*K* new T.5(2900) 2908 136
1,1 11+]  Cusp structure around D} p, D* K*
1,1 12+] 2786 8 11
2,0 D*D* o1t 3969 0 0
2,1 D*DF  1/217] 4101 0 0

Table 1: Summary of the nine states obtained. The width is given for the
model A, T4, and B, I'g. All the quantities here are in MeV. Repulsion in
c=05=1/=1/2,C=1,5S=-1,1=1,C=1,§=2,1=1/2;
C=2,5=0,l=1and C=2,5S=2,/ =0 is found.

2 2
A2
Form factors in the D™ D7 vertex; Model A: Fl(qz) = /\b2 m;_ , Titov, Kampfer EPJA7, PRC65 with A, = 1.4, 1.5 GeV and
b d
_ . 2\ _ q2/A? ’ _ _ exXp  _
g = Mp /2 fr. Model B: Fp(q°) = e Navarra, Nielsen, Bracco PRD65 (2002), A = 1, 1.2 GeV and gp = Epxpr = 8.95

(experimental value). Subtraction constant o = —1.6.



The vector-vector interaction



The hidden gauge formalism

Starting from a nonlinear sigma model based on 6/H = su@); ® suE)R/sUER)Y:
Bando,Kugo, Yamawaki
= (£f2/4)Tx(8,U" U") , U(x) = exp[2im(x)/fx] (1)
and introduce new variables £, £{r and the field V,:
i

UG = & (DR() . Vi = (1/20)(0p€L - €] + aptp - £h) ®

Any linear combination L = La + aLy of the invariants:

2

2 N f .
Ly = *TWT’(DMEL el v pueg el 4= ’TWT’(DMEL -] = Dugg - )

is equivalent to the original one, Eq. (1). A kinetic term is added,
—(1/4g%)(Vy)?, and choosing a = 2 it is obtained

o 1)m? = 2g2..f? (KSFR relation)

e 2)p dominance of the electromagnetic form factor of pions (ev, (= x o/ )

And, fixing the gauge fz = ¢r = £ the Lagrangian becomes in the Weinberg's
Lagrangian (nonlinear realization of the chiral symmetry)



The hidden gauge formalism

Lagrangian
L£=L®+ Ly (3)
£® = 1f2<D UD*U' + xUT +XTU> (4)
oo 1
Ly = **(VWV“ )+ = Mv([ - u] )
DU = 8,U—ieQAU+ieUQA,,  U=e v/

Upon expansion of [V, — éru]z, L's

Lyy = *M5§Au<V“Q>7£VPP = —ig(V*[P,8,,P]), Lrpp = ieA,(Q[P,0,uP]), ..

Fv 1 Gy 1 B _f _ My
==, ==, Fv=V2f Gv="p5 8=

My~ Vg’ MV_Qﬁg’
g



Local Hidden Gauge Approach
Vector-vector scattering

Lin = -3V VIE—I£BY) — ig((8,V, — 8,V,)vrvY)

\

L) = E(V,V, ViV — V,V, VEvr)

Vi = Vi >
Gra oo«
OuVy — 0,V — ig[Viu, Vi ] P —%-F% K*©
K= R0 &
g=15 D*° D*+ D:+



Local Hidden Gauge Approach

XXX

Figure 1: The D*K* — D*K* interaction at the tree level; (a) contact term;
(b) exchange of light vectors; (c) exchange of a heavy vector.

Approximation

e‘l‘ = (0, 1,0,0) .
e =(0,0,1,0) K = (k°,0,0,]K]) e =(0,1,0,0)
A * =(0,0,1,0)
L k,0707k0 - € ( )
e5 = (|k| )/m K/m=0, ki'el) ~0 e = (0,0,0,1)
LG = ig((0u Ve — 0 V)VHVY) = ig{[Viu, 8, V] VY)

Spin projectors

o _1 1
PO = Ze tee’; PY = Z(euenee’ — epene’e)

3
n

1 1
@ _ {E(eueye“e" + epee’el) — 3ue €€’} .

5(



The X,(2866) or T(2900)




Local Hidden Gauge Approach

Potential V: contact + vector-meson exchange (p, w)

J  Amplitude Contact V-exchange ~ Total
7
K K _ & WP17Pa)-\P2TP3) | 1 -1 _ 3 —
0 D*R* — D*R* 1?2 _& (P1+'I:142) (P2tp3) | %gz(mlz m32 Y1 + p3)-(p2 + Pa) 9.9g2
Dr W o
2
K K & \P17P4)-\P2TP3) | 1 1 3
1 D*R* _ D*R* o & (p1+';:42) (p2+p3) | %gz(n}? _ ”132 Y1 + p3)-(P2 + Pa) | —10.262
Dx w b
~ ~ 2
2 D*R* — D*R* | —2g2 — EPLTPA)-IP2TP3) (pﬁ:‘)'(pﬁ%) + 387 (5 = )(p1 + p3)-(p2 + pa) | —15.987
D b
Table 2: Tree level amplitudes for D*K* in | = 0. Last column: (Vi1.).
J  Amplitude Contact V-exchange | ~ Total
V)
7 ] _ & \P1tPy)-\P2TP3) 1,20 1 , 1
0 D*K* — D*R* | —ag2 & (”1+":“2) (eotpg) 325+ ey +ps)(ea +pa) | 0787
Dx w b
2
7 g & \P1tPg)-\P2+P3) 1,20 1 ., 1
1 D*K* — D*K* 0o -£ (pﬁ,’:’%) (p2tpa) 368°(J5 + i )ey +p3)-(p2 +pa) | 9-96°
Dx w b
~ ~ 2
2 D*R* — D¥K* 22 Lﬁ:‘%@ + %gZ(;l?; + ﬁg)(pl +p3)-(p2 + Pg) 15.7g2
Table 3: Tree level amplitudes for D*K* in | = 1. Last column: (Vi1.).

The interaction is attractive for / = 0 and repulsive for | = 1.



Local Hidden Gauge Approach

J Amplitude Contact V-exchange ‘ ~ Total
0 D'K* = D*K"| 0 %(% — )P+ p3)-(p2+ pa) | 0.11g7
0 D'K*—=Dip| 4g° 2(p1+:;)*(pz+p3) _ gz(P1+IF;32)<*(Pz+P4) —6.8g°
0 DIp—Dip 0 ’ 0 ’ 0

1 D'K* 5D K| 0 &k w2~ ) (PLtp3)-(p2+ pa) | 0.11g7
1 D*K* = DIp 0 &2 (p1+ps %))( po+p3) _ gz(pﬁgsg;(pfrm) —6.6g2
1 Dip—Dip 0 0 0

2 D*K* = D*K*| 0 %(i2 — )P+ p3).(p2 + pa) | 0.11g°
2 D'K* = Dip| —2g° 2(P1+£§)*(p2+;73) _ g2(P1+I!;32);(P2+P4) ~12.8g2
2 Dp—Dip 0 ’ 0 ’ 0

Table 4: Tree level amplitudes for D*K*, D} p in | = 1. Last column: (V;n.)
forC=1,S=1and /| =1.

The interaction is attractive for both / =0 and / = 1, favoring a

JT = 2% state. (see PRD82 (2010) Molina, Branz, Oset, for | = 0)



New flavor exotic tetraquark (C =1,5 = —1)

Two-meson Ioop function

M2 M2 —M?+s

M2
Gi(s) = (a + Logu— + 2

L <
2s Ene

s— M2+ M? 4 2py/s L s+ Mz — M? +2py/s

1672
P
SN G v s v Og—s—M§+M%+2p\/§))’

Bethe-Salpeter

=[1-VvGtv

The states with J” = {0,2}* decay into DK

D D
Lvpp = —ig([P,0,PIV*) D
(R —a*)2=3%)/ N2 > ’ "
F(q) = ellPima)—4 Navarra, PRD65(2002)
K
with G = (s + i — 1) /25, -
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Decay of the T.(2900) to D*K

I(J°)  M[MeV] T[MeV] Coupled channels state
0(2%) 2775 38 D*K* ?
0(1%) 2861 20 D*K* ?
0(0") 2866 57 D*K*  T(2900)

Table 5: New results including the width of the D*K channel. Molina, Oset,
PLB20

1=0;J=0 1=0;J=2

A=1200 MV~ 180! ——— A=1200 MeV

— — A=1300 MeV - —  — A=1300 MeV

800000

& s00000
=4

400000

2700 2750 2800 2850 2000 2050 3000 2650 2700 2750 2800 2850 2900

E[MeV] E[MeV]

Figure 2: |T|?for C=1,S=—-1,/=0,J=0and J=2.
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Decay of the T.(2900) to D*K

I=0;J=1
6x10° [ T T T
swrce L A=1200 MeV
i — — A=1300 MeV
ax10°f
o ut
— 3x10
= i

2x10° [

1x10°F

.
2800

1 .
2850

I L L L L I
2900

295;)
E[MeV]

Figure 3: |T|?for C=1,S=-1,/=0,J=0and J=1.
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The T.5(2900)




C=1,5=11=1: The T.5(2900)

New results, « = —1.474 to obtain the T.(2900) state in D*K*.

Convolution due to the vector meson mass distribution p, K*

G Loy drit(— 2 1 G(s, i, M3
s = mi(——)Zm— - ~\ ~ S, m ) )
(s) N J i —ary)2 i 7r) m? — M2 + (T () (s, 1, M2)
1(JP)  M[MeV] T[MeV] Coupled channels state
1(0™) 2920 130 D*K*,Dsp  Tc5(2900)
1(1%) 2022 145 ?
1(2") 2835 20 ?

Table 6: PRD107(2023), Exp. (m,1) = (2008 + 11420,136 £ 23 £ 11) MeV
1



Production of the T:,(2900)

B% — D7 D7t in B decays

Dy
ﬁL .
b c N b
u U
B() <: Bl)
u
- - + -
d a " d
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Production of the T:,(2900) in B decays

T(E) = aG(E)p; ptp;s ps5-ik- (E)tL(E) + b (5)

E = M (77 D;); a, b parameters; t; amplitude for the triangle loop.

a1 1
dM, — (27)2 aM2 PP

T2

dr/dM;,, (Events/0.014 GeV)

L L L L
2400 2600 2800 3000 3200

Miny (DS 7T%) [MeV]
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