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Complex FAIR

Antiproton production
) . - Proton Linac 70 MeV
HESR: Storage ring for p Accelerate p in SIS18 / 100

e Injection of p at 3.7 GeV/c Produce b
p on Cu target
e SlOV'{ SY"!Chm'trUn (1.5-15 GeV/c) \/S ~5.5 GeV Collection in CR, fast cooling
e Luminosity up to L~ 2x1032 cm3s! Accumulation in RESR
o Beam cooling (stochastic & electron) Storage and usage in HESR




Complex NICA
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NICA collider major parameters

NUCLOTRON
0.6-4.5 GeVl/u

Ring circumference, m 503.04
heavy ions
6, m 0.35
energy range for Au™®*: \Syn, GeV 4-1 :
r.m.s. Ap/p, 107 1.6 M Itiparb\d

eak Luminosity for Au™*, em? s 1x10” i &
P 4 - B Detector - MPD

polarized particles

max. energy for polarized p Gev 27

peak Luminosity for p, cm? s’ 1x10%
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* Physics case & motivation

» Conventional & exotic hadrons

* Review of recent experimental data
* Analysis & results

 Summary & perspectives



WHY WE CONCENTRATE ON PHYSICS WITH ANTIPROTONS, PROTONS AND HEAVY IONS

Mesons and Exotics
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MOTIVATION

To look for different charmonium-like states
(charmonium and exotics) in pp\bar annihilation, pp and
PA collisions to obtain complementary results to the
ones from e+e- interactions and B-meson decays
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Charmonium-like states possess some well favored characteristics:

* is the simplest two-particle system consisting of quark & antiquark;

* is a compact bound system with small widths varying from several tens of keV to several
tens of MeV compared to the light unflavored mesons and baryons

« charm quark c has a large mass (1.27 £ 0.07 GeV) compared to the masses of u, d & s (~
0.1 GeV) quarks, that makes it plausible to attempt a description of the dynamical
properties of charmonium-like system in terms of non-relativistic potential models and
phenomenological models;

« quark motion velocities in charmonium-like systems are non-relativistic (the coupling
constant, a, = 0.3 is not too large, and relativistic effects are manageable ( v?/c? = 0.2));

the size of charmonium-like systems is of the order of less than 1 Fm (R; ~ a; - m,) so that
one of the main doctrines of QCD — asymptotic freedom is emerging;

Therefore:

¢ charmonium-like studies are promising for understanding the dynamics of quark interaction
at small distances;

¢ charmonium-like spectroscopy represents itself a good testing ground for the theories of
strong interactions:

* QCD in both perturbative and nonperturbative regimes
* QCD inspired potential models and phenomenological models
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Distance [m]

Coupling strength between two quarks as a function of their distance. For small distances
(< 1016 m) the strengths a, is ~ 0.1, allowing a theoretical description by perturbative
QCD. For distances comparable to the size of the nucleon, the strength becomes so large
(strong QCD) that quarks can not be further separated: they remain confined within the
nucleon and another theoretical approaches must be developed and applicable.

For charmonium (charmonium-like) states o, ~ 0.3 and <v?/c>> = 0.2.



The quark potential models have successfully described the charmonium spectrum, which
generally assumes short-range coulomb interaction and long-range linear confining interaction
plus spin dependent part coming from one gluon exchange. The zero-order potential is:

4 27

V{Ht?:?}{r} — _5 T‘-‘ _I_ br _I_ 9!”% 5 SJ[!"]S’F . g(js

where §,(r) = (o//m)}e 7" defines a gaussian-smeared hyperfine interaction.

Solution of equation with H, = p2/2m_ + V;""(r) gives zero order charmonium wavefunctions.
*T. Barnes, S. Godfrey, E. Swangon, Phys. Rev. D 72, 054026 (2005), hep-ph/ 0505002 & Ding G.J. et al., arXiV: 0708.3712 [hep-ph], 2008

The splitting between the multiplets is determined by taking the matrix element of the Vg, 46,
taken from one-gluon exchange Breit-Fermi-Hamiltonian between zero-order wave functions:

1 2, b\~ = da,
prin—dep = E[( f‘3 - E)L * S + r3 T:|

where a, - coupling constant, b - string tension, ¢ - hypertfine interaction smear parameter.

Izmestev A. has shown * Nucl. Phys., V.52, N.6 (1990) & *Nucl. Phys., V.53, N.5 (1991) that in the case of
curved coordinate space with radius a (confinement radius) and dimension N at the
dominant time component of the gluonic potential the quark-antiquark potential defines via
Gauss equations. If space of physical system is compact (sphere S3), the harmonic
potential assures confinement: * Advances in Applied Clifford Algebras, V.8, N.2, p.235 - 270 (1998) .

AV, (r) = const G#(r)o(r), Vy(r) :Voj D(r)R:-N(r)dr/r, V, = const > 0.

R(r)=sin(r/a), D(r)=r/a, V,(r)=-V,ctg(r/a)+B, V>0, B>0.
When cotangent argument in V5(r) issmall: r2 /a2 << 72, {V (r)|HO ~1/r
we get:  ctg(r/a)=alr-r/3a, V(r)lr%"kr

where R(r), D(r) and Gy(r) are scaling factor, gauging and determinant of metric tensor G, (r).
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The cc system has been investigated in great detail first in e*e-reactions, and
afterwards on a restricted scale (E; <9 GeV), but with high precision in
pp-annihilation (the experiments R704 at CERN and E760/E835 at Fermilab).

The number of unsolved guestions related to charmonium has remained:

* singlet 1D, and triplet 3D, charmonium states are not determined yet;

o little is known about partial width of D, and 3D, charmonium states.

* higher laying singlet 1S,, P, and triplet 3S; , 3P, —charmonium states are poorly
investigated,;

- only few partial widths of 3P, -states are known (some of the measured decay
widths don't fit theoretical schemes and additional experimental check
or reconsideration of the corresponding theoretical models is needed, more

data on different decay modes are desirable to clarify the situation);
AS RESULT :

« little is known on charmonium states above the the DD —threshold (S, P, D,....);
« many recently discovered states above DD - threshold (XYZ-states) expect their
verification and explanation (their interpretation now is far from being obvious).

IN GENERAL ONE CAN IDENTIFY FOUR MAIN CLASSES OF CHARMONIUM DECAYS:

- decays into particle-antiparticle or DD-pair: T¢ — (¥, Ner Xepee) — Y030 AA . 20Z0n AAm:
decays into light hadrons: cc — (¥, #,,..) — pr;cC — ¥ — n*n ", ¢cC — ¥ — wr®, na,... ;
radiative decays:TC — vy 4., Y Xy » Y /¥,y ¥, ...,

decays with J/%, ¥" and h, in the final state: cc — J/¥ + X =>C¢c — J/¥ n*r -, TC — J/¥ 207,
T ¥ +X=>Tc— ¥ 7r'n-,T— ¥V 2’ Tc—h, + X=>Tt —> h, 7" -, TC — h, 7°7°.



non-standard hadrons

non-qq & non-qqq color-singlet combinations
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Multiquark states have been discussed since the 15t page of the quark model

A SCHEMATIC MODEL OF BARYONS AND MESONS
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If we assume that the strong interactions of bary-

ons and mesons are correctly described in terms of _

the broken "‘eightfold way" , we are tempted ta
look for some funda.mental explanation of the situz

alone 4). 0Of cot
the orientation of t !
space cannot be specif opes that in some
way the selection of spec omponents of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

ber n; - ni would bezero all known baryons and
osons. Tt ‘ @ example of such a
2t has spin 2 and
our particles d-, s~, u® and b°
(h the leptons.
and more elegant scheme can be
. ucted if we allow non-integral values for the
harges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and baryon number 3 3
We then refer to the members u3i, d-3 , and s-7 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations

(aaq), (agqad), etc., while mesons are made out
of (qd), (3gdg), etc. It is assuming that the lowest

baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.



Two different kinds of experiments to study exotics:
 production experiment — Ttg — X + M, where M = x, 5, w,...  (conventional states plus
states with exotic quantum numbers)
« formation experiment (annihilation process) — Tcg — X — M;M, (conventional states plus
states with non-exotic guantum numbers)

The low laying charmonium hybrid states:

Gluon
(9q)s 17 (TM) 17 (TE)
IS,, 0-+ 1+7 11—~
38,17~ 07— «— exotic 0~ 7
1+= 1=t « exotic
27— «— exotic 27T

Charmonium-like exotics (hybrids, tetraquarks) predominantly decay via electromagnetic

and hadronic transitions and into the open charm final states:

«ccg — (¥, x.) + light mesons (1, n', w, @) and (¥, x.;) +y - these modes supply small

widths and significant branch fractions;

«'ccg — DD;*. In this case S-wave (L = 0) + P-wave (L = 1) final states should dominate

over decays to DD (are forbidden — CP violation) and partial width to should be very small.
The most interesting and promising decay channels of charmed hybrids have been, in

particular, analyzed:

* CC — eorz (07, 17%,2%) 1 — yeo10 (0 7, 75...);

e CC — h00,1,2(0+_, 1+ : 2+-) n _:’)150011’2 (77, T, y,), J PC — 0" — eXOtiC!

* T —» Y052 =T o,y ..),

«TC — Norn Nosz Xa (0%, 17+, 2%, 0%, 17,25, 1*) y — DD, (1, 7).




According the constituent quark model tetraquark states are classified in terms of the diquark and
diantiquark spm S_, S_ . total spin of diquark-diantiquark system S, total angular momentum J.

spacial parity P and charge conjugation C. The following states with definite quantum numbers JC are
expected to exist:

- two states with J = 0 and positive P-parity JFC=0"ie,

0,07 :5=0,J=0 )and |1 .1,;5=0,

J=0 );
- three states with J= 0 and negative P-parity i.e.. |d —| 1,.04: S=1,J=D |B —| 0.1z 5=
1,J=0 ); |-f.‘ | 1 1.:5=1J=0 } State |C‘ } 1s even under charge conjugation. Taking

symmetric and anfisymmetric combinations of states |;:1 }anr:l |E }we obtain a C-odd and C-even state

respectively; therefore we have one state with F© = 07 i.e., | 0™ ) = %u;{ }+|B }} and two states
with €= 0" 1.e. | 07 ) = %qd )=|B )| 0= ), =] ¢ ).

- three states with J = 1 and positive P-parity i.e., |D) = | 1,.05:5=1,J=1 ); [E) =| 0,.17:5=1,
J=1); |F} =|1,.15;5=1,J=1 ). State |F } 15 odd under charge conjugation. Operating |D; and

&g * g

|E} in the same way as for states |.& ) and |E ) we obtain one state with J° = 1" state i.e., | 17 ) =

%(ID }+|E }) and two states with " =1"j.e, | 17 ), = %(]D }—|E }] |17 ), =|F}_
- one state with J =2 and positive P-parity ' =27 i.e.. |1,15:5=1,J=2 ).

s pp—=X—=J¥p—=J¥rr, pp =X —J¥w — J¥amm, pp— X — y_, 7 (decays mto J'F,
", y., and light mesons):
*» Pp —-X—DD " — DD y, pp — X — DD — DD y (decays into DD * -pair).



Candidate exotic hadrons

State M (MeV) T (MeV) JPC  Process (decay mode) Experiment
p—
1(1400) 1354425  330+25 177 wp— (g )p MPS, Compass
Light quark sector = pp — 7°(°n) Xtal Barrel
X(1835) 13577500 99+50 0T Jjp— 4(ph) BESII, CLEOe, BESIII
= B D) BESII, BESIII
= X (3872) 38T1.68+£0.17 < 1.2 1™ B K+ (Jfirta) Belle, BaBar, LHCb
pp— (Jjpata )+ .. CDF, DO
B— K+ (J/ 7r+7r_7r0} Belle, BaBar
B — K +(D"D"") Belle , BaBar
B+ K+ (J/Yy) BaBar, Belle , LHCb
B— K+ (@' BaBar, Belle , LHCb
pp— (Jjpate )+ LHCb, CMS
X(3915)  39174+27 2871 07" B K4+ (Jfpw) Belle | BaBar
efe” s ete + (Jivw) Belle , BaBar
Ye2(2P) 3027.2+£26 2446 27" etem s efe + (DD) Belle , BaBar
X (3940) 394243 3T o) ete s I+ (D7 D) Belle
i A efe” S+ (:) Belle
Charmonium-like = (3000) 30434921 52411 177 ete” 4+ (DD) BaBar, Belle
Y(4008) 40087'35 226407 17T etem sy (J/pnTrT) Belle
Y(4140) 41465750 83tRlo T B K+ (Jfd) CDF, CMS, LHCb
X (4160) 4156j‘%§ 1397288 07" etem = iy + (D0 D) Belle
Y (4260) 4263+ 95+14 17~ ete” oy 4 (Yt BaBar, CLEO, Belle
o
ete” = (JfpataT) CLEO, BESIII
ete — (J/Yna) CLEO, BESIII
Y (4274) 27317 56+16 17T B K+ (J/¢¢) CDF, CMS, LHCb
X (4350) 430,615 13.30 50 0/2Th ete —efe (J/vg) Belle
Y (4360) 4361413 74418 177 etem Sq4(@aTa) BaBar, Belle
X (4630) 46341 gotl 177 ete™ = 4 (ATAD) Belle
___V(1660) 466412 4815 177 efem v+ (@ ataT) Belle
= ZXF(3000)  3800+3 33+10 17 Y(4260) -« + (J/ywT) BESITI, Belle
 Y(4260) > = 4+ (DDY)? BESIII
ZX(4020)  4024+2  10£3 1T Y(4260) - 7 + (hewT) BESII
i Y (4260) - 7~ 4+ (D*D™)* BESII
Cha rged -4 Z}(4050) 4051138 gotit ™ B K+ (xarh) Belle, BaBar
. . Z(4200) s96f%  370f¥y 1T B K4+ (D) Belle, LHCh
charmonium-like ZF(4250) 42481183 1773 9t B LK 4 (yant) Belle, BaBar
ZT(4430) 4477£20 181+£31 17T B K4+ (y¥'wT) Belle, LHCb
Hidden charmed . B K+(Jyrt) Belle
PI(4380) 4380+30 20588 (3/2) A] — K + (J/ip) LHCh
pentaquarks PH(4450) 4440830 39+£20 (5/2)7 A = K +(J/¢p) LHCb
Y;(10800) 10888.4+3.0 30.7257 1~ ete o (T(mS)a n) Belle
ZF(10610) 10607.2+2.0 18.4424 17 “Y(BS)" =71 +(T(nS)7'),n=1,2,3 Belle
“Y(5S)" = 7 + (hy(nP)7T), n =12 Belle
b-quark sector “P(58)" s n~ + (BB}, n—1,2 Belle
Z2(10610) 10600+ 6 17— “Y(58)" = "+ (Y (nS) %), n=1,2,3 Belle
Z}Y(10650) 10652.2+1.5 11.5+22 17 “Y(6S8)" =+ m +(Y(nS)nt),n=1,2,3 Belle
“r(55)" = 7 + (hp(nP)mt), n=1,2 Belle
- “P(58)" = 7 + (BB, n=1,2 Belle
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* Nature of these states? Isospin friplets?
* Different decay channels of the same states observed?

* QOther decay modes?
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The LHCDb new resonances

In 2016 LHCb measured 4 new resonances with an amplitude analysis on
BT — J/U¢KT decay
M@ The X (4140) 1T+ state, Phys. Rev. Lett. 118, 022003 (2017), Phys. Rev. D 95,
012002 (2017)
d Not seen by Belle, and BaBar
& Seen by CDF and DO

@ The 1" quantum numbers ruled out most of the multiquark models.

[ The X (4274) 177, Phys. Rev. Lett. 118, 022003 (2017), Phys. Rev. D 95, 012002
(2017)

& Seen by CDF and CMS and Belle with a higher mass.
[l The X (4500) 071 and X (4700) 01, Phys. Rev. D 95, 012002 (2017)
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X( 1 ++)

LHCDb

preliminary

My, MOV]

Significant X(4140) 8.4c,

— mass consistent with the previous measurements,
but the width substantially larger

— JPC=1** determined at 5.7c including systematic errors

Significant X(4274) 6.0c,

— Consistent with the unpublished CDF results. First significant claim
for this structure.

— JPC=1** determined at 5.8c including systematic errors

Contri- sign. Fit results
bution  or Ref. My MeV 'y MeV E.F. %
All X(11) 16£3 T35
X (4140) RA0 | 41465445735 | [83+£21 77 13+3.2%55
ave, 4146.9+2.3 17.8+6.8
X (4274) 6.0c |4273.3£837172| [56L11 75 7.14+25%37
CDF 42744151 +1.9| (32722 + 8
CMS B35 £53-7.3 ISTUETE



X(O++)

- } LHCDb
=i — . .
Z r H‘ * prehmmary Contri- sign. Fit results
= 1o0l- ‘ ﬁ l +-'* * bution My MeV 'y MeV EF. %
s L % ﬂ |M *ﬁ# X(4700) All X(07) 28+ 517
80f— { + | f + NR_[;E::. @ 6.40 46=11 téi
+ #ﬂ i X(4500)  6.lo 4506411712 0242112 GGL2.4 133
X(4700) 560  4704+10*) 20431+ 2+ 5% ¢
+ NR ) X(4700) 560 4704+1071 12031 +42 12+ 5+ Y
; bk

« Significant structures at higher masses, best
described by two new 0** resonances
X(4500),X(4700):

— Significances of 6.1c, 5.6c
— JPC=0** determined at 4.0c, 4.5¢, respectively



NEW STATES WITH ZERO STRANGENESS from LHCb

- strangeness zero states - charmonium (cssc) structures

+ SU(3) symmetry suggests new X, states near the thresholds:
D Ds*, Ds D*, DS*DS* : obser'vable inB d6CCIYS? B->XK: Mx< 4785 MeV

D(1P)D(1F,) D,D,(1D,), D,(1P,)D(1P,), D,(1P,)D,(1P)
D,(1Fy)D,(1F,) 1

£4636)

E Da(lpﬂ)Ds(lPﬂi' D.; Dxflpl)' D.: Ds(le)
D ® D(].P-z) Funamememnsnnemennennmnnn il N

46

Dst(l'Pl)' D3D3(1P2)l Ds‘ Dc(lpl)
D*D(1P), DD(1R,) D,D(1P), D,”D(1F,)

M

N

B

o

o
T

1

Threshold (GeV)
N
N

DD(1P)) D,D,(1F,)

D!D; (4225)

DD (4081)
D*D*
4000} T 4014 -
_7*'(4023) ( ) D,D,
— o " (3875)
3800} Z*(3884) ]
- DD

3600

- No evidence in preliminary LQCD studies for (cssc) tetraquark states.



M [MeV]

5200

5000 -

4800

4600 -

4400 -

4200 -

4000 -

3800 <

3600 —

3400

3200

3000 -

m— X (4160)

— X (3940)

DD treshold

—l’]C(IS)

-----------------------------------------

—y (5060)

M(6S,) = 4977TMeV

Y (4660)
———\ (4540)
E— (44]5) 530 M(33D1)=4455Me\7
— Y (4360)— M(5°S,) = 4704MeV

Y (4260) 3°D; Ding G.J. et al.. arXiv:
— s (4160)

— conventional states
me— predicted discovered
—— predicted undiscovered

m— ]/ (1S)

D708:3712

Singlet I"°(07)

Triplet J 1)



6 observed states can fit* into charmonium table
'Sy S, 'Py Py Py Py 'Dy Dy Dy YDs

475 , | : | | | | | |
450 k —1
425 |xiars0f ")
Ne — @ (4160)
— | (£
RS 400 @ (4040)—— —I? X(3823)
aa) 0
= 375 LX) g —
= ¥ 105
=350 sy cm e
325 -
*
3.00 == J/V
Ne
| | | | [ | | | I

—+ —— F— = F+ 9+t 9 -—— A== ——
0 1 ] 0 1 2 1 'JPFS

* However, not easily: potential models need to be elaborated to describe new masses

What about others?

Panda meeting, ITEP, 19 May, 2015 P. Pakhlov



4400

4300

4200

4100

4000

3900

3800

3700

3600

X (4700)

THE SPECTRUM OF TETRAQUARKS

1
Z* (4200)
X(4500) ——— 7' (4430)
— "
— — X(43350)
1
7'(4250)
——)
—
1
Z:(4050) = 4020
_— 20 2:,(6385)
——— —
Z" (3900)
— — — ZDc(4020)
—— —"]
X(3872) \zo (3900)
 —
— s conventional states
me—m predicted discovered
——— predicted undiscovered
++ -+ -- ++ +- ++
JPC(O ) JPC(O PC(O ) JPC(1 ) JPC(I ) JPC(2 )



What to look for

@ Does the Z(4433) exist??

@ Better fo find charged X!

@ Neutral partners of Z(4433)-X(1*,25) should be close
by few MeV and decaying to W(2S) n/n or n(2S) p/w

@ What about X(17,15)? Look for any charged state at =
3880 MeV (decaying to W1 or ncp)

@ Similarly one expects X(1*%,2S) states. Look at
M-4200-4300: X(1*+,2S)->DD™)

@ Baryon-anti-baryon thresholds at hand (4572 MeV for
2Mac and 4379 MeV for Mac+Msc). X(2*,2S) might be
over bb-threshold.

L.Maiani, A.D.Polosa, V.Riquer, 0708.3997
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CALCULATION OF WIDTHS

The integral formalism (or in other words integral approach) is based on the possibility
of appearance of the discrete quasi stationary states with finite width and positive values
of energy in the barrier-type potential. This barrier is formed by the superposition of two
type of potentials: short-range attractive potential V,(r) and long-distance repulsive
potential V,(r).

Thus, the width of a quasi stationary state in the integral approach is defined by the
following expression (integral formula):

2
I'=2rx

O§¢L(r)V(r) F (ryrzdr

(r<R): [|g ()P dr=1

where

where F (r) — is the regular decision in the V,(r) potential, normalized on the energy
delta-function; ¢ r) — normalized wave function of the resonance state. This wave
function transforms into irregular decision in the V,(r) potential far away from the internal
turning point.

The integral can be estimated with the well known approximately methods:
for example, the saddle-point technique or the other numerical method.



THE WIDTHS OF TRIPLET 3S; CHARMONIUM STATES
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THE WIDTHS OF TETRAQUARKS WITH THE HIDDEN CHARM

200 | | ! | | | | | |
175 Fth(M) Jh(nn,0) < |
T A T (MDD T
150 th 4
_ x T, (M) _
125 -

o
- ) A -
100 A Vi 7
E I0) - @ -
75 - & AQ? I
A o g A A o A
- o R oY & -
50 0% %A A . -
© A &
J Y 0 0 ; 4
AT A 1
25 A % -
_ @ S
0 I L) I L) ﬁ l L l L] I L) I L) I L) I L)
3700 3800 3900 4000 4100 4200 4300 4400 4500

M [MeV]



PHYSICS WITH pp & pA COLLISIONS:

« search for the bound states with gluonic degrees of freedom: glueballs and
hybrids of the type gg, ggg, QQg, Q3g in mass range from 1.3 to 5.0 GeV. Especially
pay attention at the states$3g, Tcg in mass range from 1.8 — 5.0 GeV.

« charmonium-like states cc, i.e. pp—Ttpp; pp—cTycq'pp (9,9'=u,d,s)
» spectroscopy of heavy baryons with strangeness, charm and beauty:
QO = Q+ Z*b’Q-b’EOb’E-b'

C"_'C"_’C"_’CC’ cc?

pp — 4. X; pp — A.pX; pp — 4, pD pp — 4y X, pp — A, pX; pp — 4, pBg

 study of the hidden flavor component in nucleons and in light unflavored mesons
suchas#, ', h,h, w, e ff'.

« search for exotic heavy quark resonances near the charm and bottom thresholds.
* D-meson spectroscopy and D-meson interactions: D-meson in pairs and rare D-

meson decays to study the physics of electroweak processes to check the
predictions of the Standard Model and the processes beyond it.

-CP-violation - Flavour mixing -Rare decays



Running conditions

[.ptpat \s =25 GeV
2. Luminosity L = 10°° ecm>c? - 1037 em? ¢!

3. Running time 10 weeks:
integrated luminosity L, = 604.8 nb™ - 60.48 pb™

Expectations for J/y

1. X-section o,,, from Pythia8 108.7 nb

2. Statisﬁcs:N —L -0, - Br - Eff. .=

int Jy — ete- An==1.5

604.8 - 108.7 - O 06 0.8 = 3156



Entries / 50 MeV/c?
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X(3872) state

1. X-section in Pythia8 for X(3872) is 4 nb (X(3872) = y(3770) with
mass 3.872 GeV)

2. Br (X3872—J/y p°) = 5.0%
Br (X3872—e+e- n+n—-) = 0.3% — X-section = 12.2 pb
1000 events at L = 10% cm?s: 95 days
10% cm~s? and 10 months: 31600 events



Using mass combination: M
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Probing the X(3872) meson structure with near-threshold pp and pA
collisions at NICA

M.Yu. Barabanov!, S.-K. Choi?, S.L. Olsen®*!, A.S. Vodopyanov! and A.I. Zinchenko!

(1) Joint Institute for Nuclear Research, Joliot-Curie 6 Dubna Moscow region Russia 141980
(2) Department of Physics, Gyeongsang National Unwversity, Jinju 660-701, Korea
(3) Center for Underground Physics, Institute for Basic Science, Daejeon 34074, Korea

Pythia8 predictions for X(3872)

1. X-section of y(3770) with m = 3.872 GeV at pp 12.5+6.5 GeV: 1.3
nb

2. X-section at pCu: 1.3 *A (=63) = 81.9 nb

3. Br (X(3872)—J/w m+7-) = 5.00%
Br (X(3872)—D*D’) = 40.45%
Br (X(3872) —D°D*bar) = 54.55% = D°Dbarz® = 35.29%

4. Br (D+->K-m+7+) = 9.2%, Br (DO->K-1+) = 3.8%

5. 6(pCu) * Br(J/y w+7-) * Br(e+e-) = 81.9 * 0.05 * 0.06 = 0.246 nb
o(PCU) * Br(D+D-) * Br(Kzn)? = 81.9 * 0.4045 * 0.092 * 0.092 =
0.280 nb
o(PCu) * Br(D°D°barz°) * Br(Kx)? = 81.9 * 0.3529 * 0.039 * 0.039 =
0.044 nb

0.280 nb =>L =5.9 x 10?° (1000 events / 10 weeks)



Probably a mixture of DD* & a c¢ “core”

most of the time looks
St e st like a DOD*° molecule

Takizawa & Takeuchi, PTEP 9, 093D01 a

_~5% _
1T r’g i é 1T
W\G “core”
20 o

oBUCT” oone state
?f 6 CO'(“Q 7
A | Myggny—m . —m . =5~

f;j



Near-threshold prod. via pp & pA

pp>X(3872)>mt i/

g

ﬁ i
PAr>X(3872)> )/ 5

o+

Strong quenching
for A~40 nuclei??




Summary

Many observed states remain puzzling and can not be explained for many years.
This stimulates and motivates for new searches and ideas to obtain the nature of
exotic states.

A combined approach based on quarkonium potential model and confinement
model has been proposed and applied to study charmonium and exotics.

The most promising decay channels of charmonium-like states have been
analyzed. Different charmonium-like states above DD\bar are expected to exist
in the framework of the combined approach.

Using the integral approach for the hadron resonance decay the widths of the
expected states were calculated. They turn out to be relatively narrow of the
order of several tens of MeV.

Physics analysis for the antiproton-proton annihilation, proton-proton and proton-
nuclear collisions is in progress nowadays. Preliminary results have been
obtained.

FAIR & NICA can provide important complimentary information and new
discoveries. The necessity for further charmonium and exotics research has
been demonstrated.
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Charmonia measurements

206 R. Vogt [ Physics Reporis 310 (1999) 197-260)

Table 2

The ¥ and ' cross sections in proton-induced interactions for xp > 0 with the branching mtios to lepton pairs,
B — u"pu7) = (597 +0.25)% and B(y' —pu" u7) = (0.77 + 0.17)% [ 79]. divided out. The ¥ cross section into lepton

pairs at y = 0, Bda(J)/dy|, - is also shown. All cross sections are per nucleon

Rel A* V' 5(GeV) a(y) (nb) B da(y)/dyly =0 (nb) aly’) (nb) {pi) (GeV?)
[33] Be 6.1 0.1:8:39 ~0.01
[34] p 6.7 031 + 009¢ 0.055 + 0.02 - 0.629:¢

[1] Be 7.3 1410 ~0.1 = ~ 0.62°
[35] p 8.6 12 4 0.6 0.2 + 0.1°
[36] Be 115 11 + 3¢ 1.2 4+ 04 0.55 + 0.09°
[37] Be 168 — 564 1.5 ~ 1°
[38] Be 16.8 69 + 23 7.2 4+ 2.5¢ — —

[9] p 16.8 47 + 10" - — —-

[9] p 194 61 + 11 4.1+ 03 1.23 + 0.05
[39]) C 205 147 + 7 14.3 + 1.5¢ O+ 45
[40} C 205 95 413 95410 12 4+ 7 1.25 4 0.10
[18] Li 238 162 + 22 - +6 .
[41] p 243 71.8 + 9.3 6.2 + 1.1
[42] Be 274 110 + 27¢ 8.9 + 2.2 15 + 8 0.91 + 0.29¢
[43] p 30 9.1 425
[44] p 306 - 6.6+ 1.8 — —
[45] Be 315 161 + 35 842 — 1.55 4+ 0.11
[46] p 52 » 754 25
[47] p 52 350 + 160¢ 1245 1.2 +03
[48] p 52 128 + 3.2
[44] P 52.7 — 11.0 + 0.4 — 1.92 4 0.15°
[43] P 53 - 13.6 + 3.1 - -
[44] p 624 10.2 + 0.7 1.7 4+ 02¢
[43] p 63 14.8 + 33




NA38

Charmonia measurements

NAS5S1

Table 4: J/4) and " shsolute cross sections, in the dimuon channel, for the messured
7-A reactions. Sysbematic uncertainties, not included, amount to 7%,

i N B B

(b~ (nh) 1]
C ME BIAEl BIE0E  LIEE00T
Al S E Y S VA I L ET R
uff) D uMESL WTRLE] 4B
Ouflof) B4 EMELD IS4 AEB40
WS B4 W64 REIEUE LEL0T
WEE 6T 1HEI8 G674 1LNELY

Target m D2

N, 31236 = 601 312204 £ 630

Ny 5705 + 127 6219+ 131

Nev 1910 + 44 2120 + 48

Bay {nh) 5.50 £0.01 £0.36(0.06) | 11.32 £0.03 £0.75(0.13)
Bay {nh) 0086 £ 0.002 £ 0.006(0.003) | (.18 + £.004 £ 0.015(0.006)
apy {ph) 25.3£0.6 £ 1.8(0.5) 55.0 +1.2 +£3.9{1.2)
By By (%) T80 £0.04 0.0 172+ 0.04 = 0.0%5
Bayg jopy 4.7 +1.0+13 5384 1.0 £0.5

Table 3: Numbors of I/, 4 and Drell Van events in the mass range [13-
8.0 GeV/ed as well as the corresponding eress sections. B and B’ are the brandhing
ratics of the decay of J/tb and o resonances into two muons. Ratios of cros sec-
tions are also piver. In the case of the ratio Boy/opy, Drell-Yan pairs are taken
in the mass range [2.9-4.3] GeV/e? in order to allow the comparisan with other
data from the NA3® expetiment. Finally, the numbers given in parenthesis cor-
respond to the fraction of systematic error which has to be taken into account in
the comparison of the two targets.



X(3872) decay channels

VP
strong DD* 14
coupling s ot P
o)/
Dﬂﬁ*ﬂ

T..»=15 [(X(3872) > n-I/p)

T'(X(3872) > n-)/p) < 80 keV

T(X(3872) — pp) < 0.002I(x "% "J fyp) <160eV

BR(G*D%) /BR(Jym )= 9.9 + 3.2



Models for the Y(3872)

D%-D*? molecule? QCD diquark-diantiquark?

Lots of literature about this Maiani etal.  prp 71, 014028 (2005)

S=1 “bad” diquark

S=0 “good” diqua

Impossible to produce such an Predicts partner states (e.g.,
fragile extended object in prompt a nearby state with u—=>d) that
high energy hadron colliders at have yet be seen.

the rates reported by CDF & CMS



* Advances in Applied Clifford Algebras, V.8, N.2, p.235 - 270 (1998) .
SU(2) group and quantization of momentum.

The SO(4) symmetry of the Schrodinger- Pauli problem,
generated by the angular momentum

M = [F x pl

and the normalized Laplace-Runge-Lenz vector

A = (—2mH)"Y2(Z + (2ma)~Y(M x j— § x M)),
.
can be used as follows:

1) the eigenvalue problem is solved directly on making
use of properties of SU(2)-group:

1 2
H = s —me? a n=2~0.1.2

 2(((M £+ A).5) + 2%)2 2(n + 1)2°

these eigenvalues (including degeneracy) are given by
standard group theoretical arguments.

In this form A and M suffice to derive the bound states
of the non-relativistic Coulomb problem.



* Advances in Applied Clifford Algebras, V.8, N.2, p.235 - 270 (1998) .

In order to demonstrate this let us form two kinds of
generators of the generators of SO(4) group

M = [Fxpl. N =rap— 7pa,
by taking the following linear combinations

My = %(ﬂ? + N).

The SU(2) group generate the action on three-dimension
sphere S3, This action consists of the translation with
whirling around the direction of translation.

The operator N on S2 can be written as N = Rp +
7(7p) /R, where R is the radius of the sphere. Hamilton
operator

2 - -
H = mR?{ﬁ + (Mz.3)H{h+ (Mx,5)}
The spectrum of H:
Hw e (n+1)% W 0.1.2
?1‘,: T e n = . . w oaes o
2mR?

The discreteness of the energy spectrum is a conse-
quence of the compactness of the group SU(2), the
space of which is the space of the solutions. When
R — oo, the Hamiltonian tends to the Hamiltonian of
Pauli equation. In this case

Pr=(M+EN)/R — +p



The Dirac equation

- (M + 2R) (M + 21)
miH = —
R R

H — AT

o _me oMy + 20

— Det | - - L =0—
oMy + 2h =k + mec

H M _. 2T 0
- Tﬂwi — (a-?i—{—,‘jﬂlﬁ—{—’}’ﬁ ﬁ)wi- V5 = ( I

The spectrum of this Hamiltonian is given by

;'
| TE _ 1 2
E = cvﬁ m2c® + : (?;_;_ )

., n=20,1.2.....

From a physical point of view, it is clear that we deal
with quantization of the momentum:

h2(n+ 1)2
R? '

éf:c\/mzcz—{—?ﬂ, P = n=20.1.2....




Let us define the set of generators of SO(4) group =ep M = [r X p]; N=rp-rp,

—

where ' and P are coordinate and momentum operators, M is angular momentum operator.
Dilatation operator Nidefined on the sphere S3 has the form ) N =Rp+ T(F, ri)/ R
The linear combinations of these orthonormal Operators g 7; — M+ N

contribute two set of generators of the SU(2) group. Thus the SU(2) group generates the
action on a three-dimensional sphere S3. This action consists of the translation with

whirling around the direction of translation. We get a Hamiltonian:

1 {2n+(z.,6){{2h+(1.,5); where & - spin operator, m - mass of the top.

H = .
2mR
When radius of the sphere: R — 00 = 7, /R = (I\7I + N)/ R—>=*p
iltoni i 1 L L 1 N\
the Hamiltonian tends to_the Pau!l | H = : {2h+(,ui,0)}{2h+( i,a)}—)—(p,a).
operator for the free particle motion: 2mR 2m

Tl‘zle spectrum is: The wave function:
Y = \ LSIM J>

HY, = f ~(n+1)’¥,n=0,12..
2mR

was taken as eigenfunction of total momentum =g J° = (( [, + &) /2)2 of the top.

* Advances in Applied Clifford Algebras, V.8, N.2, p.235-254 (1998) & V.8, N.2, p.255-270 (1998) .



In the framework of this approach in the relativistic case the Hamiltonian of a decaying
resonance is defined with the equation ( R — a+D is a binary decay channel ):

= 0 2 (0)+20) + o+ (.0) 20

were m, and m, are the masses of resonance decay products (particles a and b).
The spectrum of the Hamiltonian is:

Ez\/mz+h (rl:zrl) +\/m§+h (rl;jl) 'n=0,12...

Finally, the formula for resonance mass spectrum can be written in the following form
(we used the system in which Az =c=1):

E=M, =M+ B+ M+ R =ym+ (1R) +m +(nR) =

]

where P, — is the basic momentum. The momentum of relative motion of decay products
P, (particles a and b in the center-of-mass system of decaying resonance) is quantized
relatively P,. R, is the parameter with dimension of the length conjugated to P,,.




