The Phenomenology of
Multiguark Resonances

AD Polosa




Fact: Tetraquark Mesons do Exist

Charged resonances decaying into charmonia
B — K+(¢(25)7T_)JPG:1++

e 7(4.43) LHCb April 2014
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. 7.(3.9) BESIII & Belle 2013

+ 7.(4.02) BESIII 2013

s (106118 45010 65) Belle 2017

Some authors elaborated alternative explanations in
terms of effects like kinematical cusps, coupled channels etc...

— the seminar proceeds under the hypothesis that they are wrong



Controversy: Compact or Extended?

| will not talk about hybrids
— the closer compact tetragquark relatives




Two More Facts

« Compact tetraguark models predicted charged states
0 years agoO Maiani et al. hep-ph/0412098, PRD

e But some of the predicted states have not (yet?)
been found

~* Molecular models do not provide predictions but provide
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Neutral resonances — X(3872), J¢=1++

Discovered by Belle, 2003, and soon confirmed by CDF, BaBar, DO. Later observed
at CMS and ATLAS. Produced in B meson decays and prompt, in hadron collisions.

4 CMS Collaboration arXiv:1302.3968 4 Measurement of the cross section ratio
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Figure 1: The ]/t~ invariant-mass spectrum for 10 < pr < 50GeV and |y| < 1.2. The
lines represent the signal-plus-background fits (solid), the background-only (dashed), and the
signal-only (dotted) components. The inset shows an enlargement of the X(3872) mass region.
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The X(3872) fine tunings

The X(3872) appears to be very close to the DD* open charm threshold

Really striking because the value is exactly matched.
Actually in terms of mass there is another surprising ‘coincidence’ in the X case




ISOSPIN VIOLATIONS:
COMPACT 4Q

We set in the flavor basis X,,, X4

2My, 0 1
= (5 )= ()

where the mixing matrix has a diagonal structure in the Isospin 1 = 0, 1

basis, its eigenvectors being

70 )

At the charmonium scale we expect the annihilations to be small and
quark mass to dominate - observed X -> w/p isospin breaking
G.C. Rossi, G. Veneziano; L. Maiani, F. Piccinini, ADP, V.Riquer PRD 2005




ISOSPIN VIOLATIONS:
LOOSE MOLECULE

M(X) = My(D°D") < My (DTD*~ v D~ D*")
My — My > T'(X)

Simple explanation: however observe that

Ebinding = € S 140 KeV

FX 5 1.2 MeV




A Loosely Bound Molecule

ADP, Phys. Lett. B746 (2015) 248 (More detailed in a classic paper by Weinberg)
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A Loosely Bound Molecule

ADP, Phys. Lett. B746 (2015) 248

If we consider a trasnition




Precision measurement of g, Iy, Br(X —DD¥*)

ADP, Phys. Lett. B746 (2015) 248

— €=0.14 MeV

e=10 KeV

0.6 0.8
Total width M(X) (MeV)




S THE X(3872) SOME SORT
OF DD* DEUTERON?

Deuterium

-2.2 MeV

-20 MeV ,
Deuterium

80 MeV for deuterium
L Dl
el = \/2u<T>¢ % { 50 MeV for X;: Uy~ —7 MeV &, ~ —0.14 MeV
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Any (Anti)Deuteron at LHC?

gttt e s B e C . ch, ERRN T i i o el s b b e
Recall that X has been observed with a pr>10 GeV!



max ~ ‘p| sin 90/2 max ~ P
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MC Extrapolation

More data at higher pT would be needed for we cant rely on gcd at pT~1GeV

ko Up to 100 MeV
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A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929, PRD



Barely Bound States in TeV Hadron
Collisions?

Dl 5 E o
‘ymol‘ )

K bounded by 50 MeV

Pythia (2-2 :: yP*>2 2 £=100 nb ")

Production xsect 300 times
smaller than the observed one

P._Artoisenet and E. Braaten, Phys Rev D81, 114018 (2010)

C. Bignamini, B. Grinstein, E. Piccinini, ADP, C. Sabelli, Phys Lett, B684, 228 (2010)

F-K. Guo, U. Meissner and Wang, arXiv: 1308.0193, 1402.6236 [ : ]



Production: MC Tuning

Comparison to CDF data

hard cc*

red: cc* HERWIG/PYTHIA
green: cc*g(recoiling) ALPGEN + HERWIG/PYTHIA
blue: full gcd HERWIG/PYTHIA

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929; PRD



Rescattering (FSI) by Pions

A. FEsposito et al.

/

large ko {

— ‘-‘_—‘-»_
D

reduced ko

[‘)l |

Plane © — D rescattering

Exrpanding hadronization sphere

(a) (b)

A. Esposito, A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1411.5997, IIMPA




Rescattering (FSI) by Pions

The mechanism works: feed down from higher bins — but it does
not help in the bins of interest (up to 100 MeV for the com relative
momentum in the wold-be-molecule, ko)

RO ¥ ;vn{ BTN L RTORT P NI A By

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929, PRD



Compact Multiquarks?

anti-triplet as anti-quarks q. Baryons can now be

constructed from quarks by using the combinations
(qaq), (agaqqd), etc., while mesons are made out
of (qd), (qgqd), etc. It is assuming that the lowest

from a Gell-Mann’s paper
on quark model



Large N¢ and Tetraguarks

Following a paper by Witten on "1/N and Baryons™ (see also S. Coleman’s lectures),
tetraquarks should instantly fall apart into mesons.

However, as commented by S. Weinberg in a recent paper (PRL 110, 2013), this
applies only at the leading order N2 disconnected diagram.

The leading order connected diagram has only one color loop.




Large N¢ and Tetraguarks

VA
M

Then:



http://arxiv.org/abs/arXiv:1401.1815
http://arxiv.org/abs/arXiv:1403.8090

Hadronization Must Proceed through 49

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929, PRD

— All ‘woud-be' loosely bound molecules do not form any bound state.




Another Mechanism

Borrow some ideas from cold atom physics. The Fano-Feshbach mechanism.

Open charm (molecule) potential
Hpyp = EpPp

(continuum levels)

Open charm
threshold




Another Mechanism

Borrow some ideas from cold atom physics. The Fano-Feshbach mechanism.

Open charm
threshold

Red: diquark-antidiguark

ol '\\\ Blue: loose molecule
.«f . )‘ i



Another Mechanism

Consider also that the J/ p* is sensibly lower than the related open charm
charged molecule. This could be why there is no charged X and /-violat.

Open charm
threshold

Hybridization

Red: diquark-antidiguark

ol '\\\ Blue: loose molecule
.«f e :



Charged States

4430) — w 250 See also the calculation by S. Brodsky
D. Hwang & R. Lebed in a diquark-

3900 —_— J / Qp T antidiquark model arXiv:1406.7281




Diquarkonia




Diguarkonia

H-X Chen, Maiani, Polosa, Riguer, in preparation

A
N - + KT (A, ) = (0.47,0.19)
e 108 (Gel

0.12<k<042

Cornell Potential

+ Mass Formula

0.6
M(@2S)-M(1S)




Type I/l

From G. Filaci laurea thesis

2(430)=

-
]

Z(4020)

S —

Mass (MeV)

:

X(3872) Z(3900)

—_ .

— — —p— — —

input

:

3754

2(430)=

|

Z(4020)*

— — —— — —

input
X(3872) Z(3900)°

.

Mass (MeV)

:
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(b) Type II
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What is the ScexIin Zc and Zc'”?

Focus on the heavy quark (pair) spin, which we assume to be conserved
INn strong interactions

Z:(3900) — J/Y(Sez =1)n7~ ;
AT VRN 0 O\ P




Tetragquarks Made of Diguarks

In our schemes tetraquarks could be described in terms of heavy-light diquarks

Digquark-antidiquark states might be formed in different spin combinations

cq cq cc qq Resonance Assig. | Decays

O 0.0) 1/2]0,0) +v/3/2|1,1)¢ | Xo(~ 3770 MeV) | 7., J/1¢ + light mesons

[0 L0e [ V3/2[0,0) — 1/2[L, 1) | Xb(~ 4000 MeV)

B Sy B R O e S R R
el [ R e n"\l‘e." ”x» et o N B NAACiE ST e s

Z = Z(3900)
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Mass Spectrum
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FANTE ST R Lot oo

Maiani, Piccinini, Polosa, Riguer, PRD89 (2014) and TYPE || Model
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L oosely Bound Zcp's”?

7.(3900) — 7= J /1 mpo + Mp«+ = 3875 MeV
7' (4025) — hor™ mp+o + mp-+ = 4017 MeV

Better in the beauty sector

Y (55) — 7= ZF(10610) — 757 T Y (nS) n=1,2,3

z* @
> it
e+
\ Y
4

o

Belle ‘12 Y (5S) — 7= Z;F (10650) — 77T hy(kP) k=1,2

mp + mp- ~ 10604 MeV
2mp- >~ 10650 MeV

No molecular matchings for the Z(4430)



The Sector of Vector Resonances Y

B(YB TR Acl_\c)

=246+ 6.6

B(Yg — ¢(2S)ntn—)

G. Cotugno, R. Faccini, ADP, C. Sabelli Phys. Rev. Lett. 104, 132005 (2010)

Y (4660) Y (4630)

/( 1360) » ¥(4415)

.
[ Y (4260) Y (4290) o
l / Y(4220) Y(4230)
|

¥(4160)

S —

Y( 1()ll\)

4000y Y¥(4040)

1\ e fi(32)uu UETRTS




Negative Parity: L=1

% — 00
i) 0 )
Spin (dg basis Y, = — ’
pin (dq ) 7
Y3 =|1,1)5—¢
Y4 S ’17 1>S:2
We identify Y(4360) and Y(4660), decaying into P(2S)m, as radial excitations of Y(4008) and Y(4260).
State L P{Sm =1y PlS . —0) Assignment Radiative Decay
Y, 1:0 Y (4260) v+ X
Y; 120 Y (4290)/Y (4220) v+ X

R. Faccini, G. Filaci, A. Guerrieri, A. Pilloni, ADP arXiv:1412.7196, PRD (Y (4230)=Y(4220))

M. Ablikim et al. [BESIII Collaboration], arXiv:1410.6538 [hep-ex]. C. Z. Yuan, Chin. Phys. C 38 (2014) 043001
Y(4230) data from BES III Collab.
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A Brief Tour in the Beauty Sector

A. Ali, L. Maiani, ADP, V. Riquer arXiv:1412.2049, PRD
M Zé — M Zb — 2/'{(9

M(Z') — M(Z.) = 2k, = 120 MeV
Iib:kC:Mc:Mb%O.SO

— i, > 36 NN vis S Nel (exp.

155




4-quarks from Lattice?

Esposito, Papinutto, Pilloni, ADP, Tantalo Phys.Rev. D88 (2013) 054029

On simulating a proton on the lattice, the interpolating operators

B eabcuaubdc, eabcuaubdcgdsd“.

are equally good. One might wonder if is there any chance of studying
genuine tetraquark configurations on the lattice as they might turn out
not to be distinguishable from standard charmonia.




More Exotic States

Bottom quark decays
(0(2*))
pT? — pD°DP
nT+ —nD'D*
AO(EO)T: — AO(ZJU)DUD:
nT? - nD D"
A-T+ - A-DtDY
YT, X DfD°

Same final states as [bed]

Starting baryon b — cud

E,j; (beu)

with b — cus
(they differ by just d > s)

(O(¥))
x+.7'0 — 2+DODO
AO(EU)T* — AO(ZO)DOD*
=75 - 2°DF DY
“,\0(20)7'0 — AO(XO)DODO
Y7t ¥ DtDY
= T. - =Z" DD’
EOTO — EODODO
=Tt ED'DY
QT — Q“DjDO

b — cus




From G. Filaci laurea thesis
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4000
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Since 2003/4 new Charmonium-Like States

State M (MeV) T (MeV) JPC Process (decay mode)  Experiment (#o0) 1% observation

X(3823) 3823.1+£19 <24 7?7 B— K+ (xe1v) Belle [4] (3.8) Belle 2013
X (3872) 3871.68+0.17 <12 1*t* B K+ (J/ynt7~) Belle [5, 6] (12.8), BABAR [7] (8.6)  Belle 2003

pp— (J/YnTr™)+... CDF [8-10] (np), D@ [11] (5.2)

B = K + (J/¢¥ 7T~ 7% Belle [12]¢ (4.3), BABAR [13[2 (4.0)

B — K + (D°D%70) Belle (14, 15[% (6.4), BABAR [16]? (4.9)

B — K + (J/¥7) Belle [17]% (4.0), BABAR [18, 19[? (3.6)

B— K+ (¥(2S)y)  BABAR [19[ (3.5), Belle [17]® (0.4)

pp — (J/Yntn~)+... LHCb [20] (np)

X(3915) 3917.5+1.9 20+5 0t B— K+ (J/yw) Belle [21] (8.1), BABAR [22] (19) Belle 2004
ete” »ete” + (J/Yw) Belle [23] (7.7), BABAR [13, 24](7.6 )

Xc2(2P) 3927.2+26 2446 2t ete” —wefe” + (DD) Belle [25) (5.3), BABAR [26] (5.8) Belle 2005

X (3940) 3942719 3727 7"t etem — J/p+ (D*D)  Belle [27] (6.0) Belle 2007
ete” = J/Y+(...) Belle [28] (5.0)

G(3900) 3943+21 52411 17~ ete” =~y + (DD) BABAR [29] (np), Belle [30] (np) BABAR 2007

Y (4008) 40081135 226497 17 efe” = y+ (J/wnT7~) Belle [31] (7.4) Belle 2007

Y (4140) 41445426 1570 2" B K+ (J/¢¢) CDF (32, 33] (5.0), CMS [34] (>5)  CDF 2009

X(4160) 4156720 13973 77t etem — J/y+ (D*D*) Belle [27] (5.5) Belle 2007

¢ Not included in the averages for M and I.



New Charmonium & Bottomonium Like States

State M (MeV) T (MeV) JPC Process (decay mode) Experiment (#o0) 15" observation
Y (4260) 426375  95+14 177 ete s+ (J/upmtn) BABAR (35, 36] (8.0), CLEO [37] (5.4) BABAR 2005
Belle [31] (15)
ete” = (J/yntn™) CLEO [38] (11)
ete™ = (J/y n070) CLEO [38] (5.1)
Y(4274) 42744757 32'R 7"t B K+ (J/ve) CDF [33] (3.1) CDF 2010
X(4350)  4350.674% 13.31184 0/27t etem — ete (J/¢ @) Belle [39] (3.2) Belle 2009
Y (4360) 4361+13 T74+18 17~ ete” = v+ (¥(28)wtw) BABAR [40] (np), Belle [41] (8.0) BABAR 2007
X (4630) 463479 9274 17 ete” = y(AFAY) Belle [42] (8.2) Belle 2007
Y (4660) 4664+12  48+15 17~ ete” = v+ (¥(28)ntn™) Belle [41] (5.8) Belle 2007
ZF(3900) 3898+5 51+19 17~ Y (4260) = 7~ + (J/v =) BESIII [43] (np), Belle [44] (5.2) BESIII 2013
ete” = + (J/nt) Xiao et al. [45)% (6.1)
Z{(4050) 4051722 8273 7?7 B K+ (xa(1P)7t) Belle [46] (5.0), BABAR [47] (1.1) Belle 2008
Z3(4250) 42487 177732 7?7 B = K+ (xa(1P)7Y) Belle [46] (5.0), BABAR [47] (2.0) Belle 2008
Z+(4430) 444372 10772 7?7 B K+ (¥(25)7t) Belle [48, 49] (6.4), BABAR [50] (2.4) Belle 2007
Y5(10888) 10888.4+3.0 30.77%9 17— ete” — (Y(nS)ntm™) Belle [51, 52] (2.0) Belle 2010
Z;(10610) 10607.2+2.0 18.4+2.4 17~ T(55) = 7 + (Y(nS)7t), n=1,2,3 Belle [53, 54] (16) Belle 2011
T(5S) = 7~ + (hp(nP)nt),n=1,2 Belle [53, 54| (16)
Z;}(10650) 10652.2+1.5 11.5+2.2 17— T(5S) = 7~ + (Y (nS)nt), n=1,2,3 Belle [53, 54] (16) Belle 2011
Y(5S) > 7 + (hy(nP)7m"),n=1,2 Belle [53, 54] (16)

“Not included in the averages for M and I.
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Z(4430) at LHCD | April 2014

2 GeV?)

LHCDb ‘ | -e-data

- 200H.0<mz, <1.8GeV’ —— total fit
——Z(4430)

-
p—
~
70}
8
<
o
. v—
"2
<
QO

Signal: 13.9 0
Other assignments ruled out at 9.70

First observed by BELLE in 2007 and not confirmed by BaBar at that time




courtesy of A Pilloni

Charged Z.(3900)

Found in Y(4260) —» ZX(3900) n* - J/Yy nt ™

Exotic charged charmonium-like state!

BESIII, arXiv:1303.5949

M = 3899.0 £ 3.6 + 4.9 MeV
=46 + 10 + 20 MeV

G=GCj/y =
= ~1(-1) = +1
P =41 (S — wave)

= e

Belle, arXiv:1304.0121

M = 3894.5 *+ 6.6 + 4.5 MeV
[ =63+ 24+ 26 MeV

—4- Data 70 }

NO 100 BESIII — Total fit (\JO 50 - - data
~—— S~ Belle § - Fit
% 80 s:(;k::ind " % C — Background
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- \ [:]S'det)awd (qV| -
o 60 k o 40-
o o T | 5 o
> 20l acas + > = o
W " W 105/
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3.7 3.8 3.9 4.0 3.7 3.8 3.9 4 4.1 4.2

M, (TEJ/y) (GeV/c?)

cent AR o e e R Ll et e
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One more Zc observed (or two?)

7!(4020), Z.(4025)

BESIII, PRL112, 022001 BESIII, PRL111, 242001
Z.(4025) » D*D* a—
~$— data Z.(4025)

— total fit comb. BKG IG]PC — 1+1+_
PHSPsianal | M = 4026.3 + 4.5 MeV

' =24.8 + 9.5 MeV

120;

=
-
1

~J
o

100

o O
O

-

80

2 =2 & 2
g .

Events/(0.005 GeV/c?)
Events/10.005 Ge\ /c"n

Ml; )

()
o

.Q.X 19 40 41

Oy 't M., (GeV/c))

- 7.(4020) - h.m |

e, IG]PC 1+1F- 20 '

402 404 406 408 | M = 4022.9 +2.8MeV 95 400 405 410 415 477)'““'4'"~
M(r) (GeV/c®) [=7.9+3.7MeV M., (GeV/c?)
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CHARMED DIQUARKS

The octet with diquarks -

the ‘azimuthal approach’

i = Eq;jkeamgéﬁ%qm = |qqo

ik _B(j = k
0’F = €0p, @ V7477 = [qq]s

JPC

dq-dq*

O++

lcglolcglo Vv ([eglilegli)o

lcql1]eqlo + |cqloleq)q

V2

lcq)1€qlo — [eqlolcq)

V' ([egla[eg)i)q




Spin problem in type |

In the type | diqguark model we have two 1+ states the heavier, Z, at about 3880 MeV

Za o) 0 e ST

The expected spin of the cc* pair being computed as




