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QCD: theory of the strong interaction

QED: electric charge is a simple scalar (singlet)
QCD: quark “charges” are triplets; the three varieties of “charge” obey combination
rules that closely match those that govern our eyes’ perception of color

Quantum Electro Dynamics = Quantum Chromo Dynamics

only “white” particles are observable

Baryons are red-blue-green triplets Mesons are color-anticolorpairs



QCD has other color-singlet combinations:

“"Multiquark Particles:” other possible “"white” combinations of quarks

Pentaquark: H-diBaryon
S=+1 Baryon tightly bound
6-quark state
diquark-diquark-antiquark diquark-diquark-diquark
Tetraquark mesons: S
tightly bound loosely bognd @
diquark-diantiquark meson-antimeson \TT

“molecule” . .
diquark-diantiquark /O*

qc_|-gluon hybrid mesons
S8RRLC,

gluon: the QCD equivalent of QED's photon



multiquark states from “molecules”
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Nuclear-physics style "exotic” hadrons



Candidates of XYZ & pentaquark states

State M (MeV) T (MeV) JPC  Process (decay mode) Experiment From S.Olsen
X (3872) 3871.68+0.17 < 1.2 1+ B— K+ (J/pata) Belle, BaBar, LHCb
pp— (J/pm 7)) + ... CDF, DO
B— K+ (J/¢Ypnta =) Belle, BaBar
B — K + (D"D%%"Y) Belle , BaBar
B — K + (J/¢~) BaBar, Belle , LHCb
B — K+ (¢') BaBar, Belle , LHCb
pp— (J/pm m ) + ... LHCb, CMs  Atlas
X (3915) 3917.4+ 2.7 28710 o+t B — K + (J/¢w) Belle , BaBar
ete” — e+e_ + (J/Ydw) Belle , BaBar
xe2(2P) 302724+ 26 2446 2++ ete”™ = ete™ + (DD) Belle , BaBar
X (3940) 394272 3727 0(?7)"F ete” — J/p+ (DT D) Belle
ete™ — I/ + (..2) Belle
G(3900) 3943 + 21 52+11 17~ ete”™ — ~v 4+ (DD) BaBar, Belle
Y (4008) 40081123 226+97 17 Y ete™ 5y (J/omtn) Belle
Y (4140) 4146.5153 831329 1+ B — K + (J/¥®) CDF, CMS, LHCb
X (4160) 4156729 1301113 o(2)=(DF ote™ 5 J/ap 4+ (DT D) Belle
Y (4260) 426315 95+14 1~ ete™ = v+ (J/Ppnta) BaBar, CLEO, Belle
P cTeT = (J/Y 7r:7r0_) CLEO, BESIII
ete— — (J/¢ w°x°) CLEO, BESIII
Y (4274) 4273719 56 4+ 16 1++ B— K+ (J/¢ ) CDF, CMS, LHCb
X (4350) 4350.6726 1331181 prot+  ete— 5 ete (J/ o) Belle
Y (4360) 4361 + 13 74+18 1~ ete” v+ (@' ata7) BaBar, Belle
X (4630) 463471 3 92133 1~ te™ — v (ATAD) Belle
Y (4660) 166412 48=+15 17" g ete” 44 (' ataw) Belle
ZF (3900) 3890 + 3 33+ 10 17— Y (4260) — w= + (J/&m) BESIII, Belle
Y (4260) — 7w~ + (DD™)™ BESIII
ZJ (4020) 4024 = 2 10+£3 17T Y (4260) > 7 + (hew!) BESIII
. 5 . ) Y (4260) — =~ + (D*D7)* BESIII
Zi (4050) 4051733 8272 ?? B— K+ (xam) Belle, BaBar
Z+(4200) 4196:5;3 370799 1+~ B— K+ (J/ynh) Belle, LHCb
Z3 (4250) 4248*152 17773323 77+ B — K + (xXam") Belle, BaBar
Z+(4430) 4477 +£20 181 + 31 1+- B K+ (¢'=T) Belle, LHCb
B— K+ (Jbn™) Belle
P (4380) 4380 +£30 20588 (3/2)° A7 — K + (J/4¥p) LHCb
PF(4450) 44498 +£3.0 3920 (5/2)%Y A7 — K + (J/¥p) LHCb
Y,(10890) 10888.4+3.0 30.775%5 1~ ete” — (Y (nS)wt=x ) Belle
Z;F (10610) 10607.2+2.0 18.4+2.4 17— “(55)” =7 +(X(nS)nT), n=1,2,3 Belle
“Y(58)" - + (hpy(nP)wt), n=1,2 Belle
“r(58)" -7 +(BB™ )", n=1,2 Belle
ZP(10610) 10609+ 6 1+- “Y (587 — 70 + (Y (nS)n°), n=1,2,3 Belle
ZF(10650) 10652.2+1.5 11.5+£2.2 1+~ “Y(58)" = 7 + (Y (nS)n"), n=1,2,3 Belle
“Y(58) -7 + (hy(nP)wt), n=1,2 Belle
“Y(5S) - + (BB )", n=1,2 Belle
X(5568) 5568+3 2218 ?7? pp 2 mBs + X DO
X(4500) 4506%19 92430 ot B*2>K*(pJ/ ) LHCb 5
X(4700) 4704122 120+49 o+ B*>KH(dpJ/Y) LHCb Th[S year‘



The Charged 7,(10610) and
Z,(10650)

= Observation of Y(4260) = Search for bb analog of Y
= Observing huge rate of “Y(5S) 2 ntm Y(1,2,3)” and Y(5S) mass offset
= Observation of Z,*(10610) and Z,*(10650) (abbreviation: Z,; and Z,,)

= Search for cc analog of Z, = Observation of many Z ‘s including
Z.(3900), Z(3885), etc.



“bottomonium” bb mesons
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Belle PRL 108, 122001 (2012)
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(B*B™))" dominates the Z, channels
Favors molecule model: pros7 091501(2013)etc

*_R*k ¢« ”
B-B* “molecule” B*-B molecule

Belle PRL 116, 212001(2016)

Fraction, %

Z,(10610) Z,,(10650)
+0.164+0.11 +0.07+0.03
0-54—0. 13-0.08 0.1 7—0.06—0.02
+0.764+0.79 +0.48+0.34
3 '62—0.59—0.53 1 -39—0.3 8—0.23
+0.55+0.60 +0.53+0.39
2.1 5—0.42—0.43 1 -63—0.42—0.28
+0.87+0.86 1+2.43+1.49
3-45—0.71—0.63 8°41—2.12—1.()6
+1.24+1.18 +3.242.8
----------- 4."' Q !99‘-'9.'89'---——___1&"_7:2_.8_—_2.2
+px0 | PO R+ +1.5+1.5 TN~
B B_>i< + B B>'< 85.6_2‘0_2‘1 -~':
3 BTG
--------------------------------------------- - -._-.E‘——
MZb(10610) —(Mg+tMg.) =+ 2.7+£2.1 MeV MZb(lﬂ 6s0)—2Mp. =+ 2.0 £ 1.8 MeV
11

Slightly unbound threshold resonances??



Z,% search in Y(5S) 2n’n’Y (1,2,3S)

with Z,s  without

SRR AR RERLS EVERI RARES R (8 4 Rk ] _
\ HY 6.50 stat. significance
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T Tl l m_

ﬁi L + : Belle PRD 88, 052016(2013)
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Cross sectlons for

Data sample: e*fe™>Y(nS)

Belle PRD 93, 011101(2016) - wosiiozcer
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Cross sections for e*e” = h, (nP)x*r

Belle PRL 117, 14200(2016)
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Evidence of ZZ(10610, 10650) at Y(6S)

PRL 117, 142001 (2016_)
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Fit parameters are fixed at those of Y(5S).
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cc assignments for the XYZ mesons?
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The Y(4260)

found by BaBar in e*e” — y,gr T JA
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Y (4260) - m*mJ/y confirmed by Belle

—— e‘e DY )Y —

= 20
No sign of Y(4260) > D)D) B

Y(4260) peak in o () /) 4

occurs at a dip in o(D")D* ) e*e Shadrons M 1TJ/l|f) (GeV)

(sl /) is large, but
should be OZI suppressed if ¢t g

X. H. Mo et al., PLB 640, 182 | }}
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Y(4260) decay modes

Y (4260) 2 TrTJ/Y
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Models for the Y(4260) |

Molecule? cc-gluon hybrid?

Wang, Hanhart & Zhao PRL111, 132002 : Kou & Pene PLB 631, 164:

CYY XYY f'

yd DO
//’ ':OA% /
N e g (?/ o /f}
hybrid S
whrid | st TTe0X
- . /O\Vv\”“--
c "‘-\\‘%@““\-\
D,(2420) JP=1* D1(2420)
M=2421.4 + 0.6 MeV NV
I'=27.4+2.5 MeV [_)*TC

Decay: D,(2420)>D*n
“B.E” =26 MeV




Models for the Y(4260) II

QCD tetraquark?

Maiani et al. PRD 89, 114010

=1 '4 n H k
5=1"bad" diquar Naturally accounts for

L =1 large Y(4260)—>yX(3872)
L=1 excitation of the X(3872): as an allowed E1 transition

&

S=0 ‘good” diquark



BESIII Scan Data for XYZ study
collected "’S/fb above 4GeV

1T 1. ©T 7T I 1 1T 1 I 1T 1 T l Y( I 1 1 T 4415T) T 1 T I 1 (‘A\‘1 energ)' ‘(}e\‘) [; (])])-]'
i ( 4360) 381 50.54+0.03
10 ¥(4040) e AcAc threshold 3.90 52.6140.03
4009 481964001
_— ® 4.09 52.6340.03
L [ 419 43.09+0.03
= 421 54.554+0.03
> Also known as Y(4260) factory | X
‘0 , 44.40+0.0:
? 3
2 10 ¢ @ 23 1047.34+0.1
E - . o e
e o ¢ ® & o % ° 2! 523.74+0.1(
i ] 262 301.9340.08
K] 12004003
I 1 4.36 539.8440.10
1 A L 2 l i 1 A l i 1 1 l L ' ' L L A l A A A A l L 1 | 1 1 1 l A 4- 7
38 39 4 41 42 43 44 45 46 467L04
. 1028.89-4+0.1
Ecm (GeV) 147 109.94+0.04
. o : 453 109.98+0.04
~06B  1)(3686) events ~ 24xCLEO-c FESI_” his ig 1|§)O||U|rlnes less 1575 17 674003
~13B ]/ events ~ 21xBESI| uminosity than betiell. - 440 366,930 1]
= But ~ 4000 times more efficient at
~ 297" (3770) ~ 11xCLEO-c

producing 1~ states such as Y(4260)

~ others including scan and continuum data, etc. and 1- charged states like Z.(3900) 22
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Y(4260)—2>xtD*D Dalitz plot
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The X(3915)

’ PDG Averages )
® ® M=3918 + 2 MeV 1, ®

J/lP

S.-K. Choi et al. (Belle) PRL 94, 182002

o 2 Br>K wlAy

Belle e
2005 20 . M=3943 + 17 MeV
[ I'=87 + 34 MeV
10 | + . T
N 2NN B
3880 4080 4280

M(wJhyp) (MeV)

B. Aubert et al. (BaBar) PRL101, 182001

BaBar: —~ T _
“t 1 BO2>K wliy b)
M=3915 £ 5 MeV M(wJ/A)
T'=34+13 MeV

PDG: Bf(B —X(3915))Bf (X(3915) =l ) = (3.0%) x10°

I'=20 15 MeV !::

g Yy =2 ol Belle
M=3915 + 5 MeV 2010

I'=17 +11 MeV

S. Uehara et al. (Belle) PRL 104, 092001

4.1 . . . 4.3

M(wJAp)
25
zof— 7Y 2 (D'j/w BaBar
15k M=3919+ 3 MeV 2012
C I'=13+7 MeV
10—
5:_ + J.P. Lees et al. (BaBar) PRD 86, 072002
R (s “-FJ{ { ——y i —y
38 385 39 395 4 406 41 415 4.2

m(J/Iyo) (GeVic?)

PDG: T(X(3915) —7y)Bf(X(3915) @/ /i) = (54 + 9)eV



¢,angle between (x-z)-
& J/-decay planes

BaBar: JP¢=0**

J.P. Lees et al. (BaBar) PRD 86, 072002

el ’
0* 6.1%
0 ------ 1011%
141 (a) 12f (b) 12}
12¢ <+ 10f + 10}
10_' -+ .2.) R —— A 3 [
8k 17T < 8|, L JI 2 8
C e ® .9 S0 /ll .9 -
6{ A g TR e
afl T . 4;-+ + H T 4}
2f + N 2 2
01705 0 05 0 00 0% 0100 0 100
cosbH,, coso, ¢,




MASS [GeV/c?]
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4.2

4.0

3.8

2Mp

3.6

3.4

3.2

3.0

Is it the o

PDG 2014

™ | Nc(4'So)

P(43S1)

Y(23D1

8

| [me@isy) L&)

Xc2(33P2)

he(31P1)
Xc0(33Po)

Xc1(33P1)

hc(21P1)

XcO(2P)

was X(3915)

?

JPC=0++

xco(2P) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
3018.4+ 1.9 OUR AVERAGE
3910.4+ 224+ 1.6 59 + 10 LEES 12ADBABR ete™ — ete~wJ/y |
301017 38+ 20 DEL-AMO-SA..108 BABR B — wJ/yK
3015 + 3 + 2 49+ 15 UEHARA 10 BELL 106 eTe™ —
ete wl/w
3043 +11 +13 58+ 11 1 cHol 05 BELL B — wJ/yK

e o ¢ We do not use the following data for averages, fits, limits, etc. o o o

30146+ 38+ 20

L AUBERT 08w BABR Superseded by DEL-

AMO-SANCHEZ 108B

1wJ/1,"7 threshold enhancement fitted as an S-wave Breit-Wigner resonance.

- Xc0(23Po)
Y’/(13Dy)
P’(2354)
Nc’(21So)
Xc2(13P2)
he(11P1) Xc1(13P4)
- Xco(13Po)
B predicted, discovered
Jp(1381) predicted, undiscovered
™ [ ne(1S0)
O—+ 1-—- 1+ 0++ 1++ D++

JrPC

Xco(2P) WIDTH
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
20+ 5 OUR AVERAGE Error includes scale factor of 1.1.
13+ 6+ 3 50410 LEES 12ADBABR et e~ — ete~wl/y |
31710+ 5 DEL-AMO-SA..108 BABR B — wJ/yK
17410+ 3 49415 UEHARA 10 BELL 10.6 ete™ — ete—wl/y
87422426 58+ 11  2CHOI 05 BELL B — wJ/¢K

e o ¢ We do not use the following data for averages, fits, limits, etc. e o o

3412+ 5

2 AUBERT 08w BABR Superseded by DEL-AMO-

SANCHEZ 108

2wJ/y’) threshold enhancement fitted as an S-wave Breit-Wigner resonance.

Xco(2P) DECAY MODES

Mode Fraction (I;/T)
M EJ/'(/J seen
r, D*0 po

3 ata = n(1S)
e v

not seen

seen




The X(3915)#y .’

AM(2P
(1P)) =0.06+0.02 theory: R=05<09

= Mass 1s too high: R =

= production via yy: Bf ()., =t /) <8.1%
via B decays: Bf ()., =/ /) >14.6%

contradictory!

= Bf ()., > DD) <25% theory: Bf (., —DD)=100%

Bf(XCO 9D()50)<12Bf()(c0 %a)]/w) Bf(XCo—>DOI_)O)>>Bf(XC()%CUJ/QP)

See: Guo & Meissner PRD 86, 091501 (2012)
SLO PRD 91, 057501 (2015)
& back-up slides



I it’s not the ., what is it?

dominant decay mode

nhot seen

X(3915)?
2P
|
1 _
\C/

-~

(@]

Fall-apart mode, no
"OZTI" suppression

"OZI" suppressed mode

But: Bf(Xys =D"D") <1.2x Bf (X5 =] 1))

This strongly suggests that the X(3915) is a 4-quark state



Model for the X(3915)?

lecule? ot
Moleculer 0
D..D.. .
no nearby D*)D™*) threshold
D(* 0D,
2m,. =4020| o
2y = 4014 [0
3915 57
2m,. =3740| i
2m , =3730*
s AD,
l’

2mD+ = 3937 MeV < close, but there 1s no

/)

/)
J 7 not allowed
1
1

mechanism to bind D D; a

D

S



Model for the X(3915)?

QCD diquark-diantiquark?

Maiani et al.  PRD 71, 014028 (2005)

X(3872) with u=>s

& the S=1 "bad"

) Diquark replaced by
an 5=0 "good" diquark

S=0 “good” diquar

S=0 “good” diqua

My 39150 = My 357, + 2(m, —m,) — AM(bad — good) ~3920 MeV
~200 MeV ~160 MeV



X(3915) as a cscs tetra-quark

+ 0
JT
no disconnected quark lines /
7

OZl-allowed

06 »nun

T e




X(3915) as a cscs tetra-quark

0
+ O_ + T
JU
no disconnected quark lines / ne d|sconnectedq\uari< fines /
—» C
Al

OZl-allowed OZl-allowed

ollg wn un
(ol g) 0w un
(@]

e

O



Search for X(3915)-2>n .

b
=
ey

Events/5 MeV/c?
7

B )

BF(X(3915) ~al fy)

Vinokurova (Belle) JHEP 06, 132

llllllllllllll

J@Dﬂ | H[mﬂ Lo

3.9 4
M(nM), GeV/c?

ho signal, but not a
very stringent limit



The X(3872)

B2>K )/

It became the most highly cited B- factory paper !

36



X(3872): seen in B decays & pp collisions

~ —
[0)] -
— = 1200
\ 0 C
o C —— — ’ — —
ATLAS-CONF-2016-028 )t' ATLAS Sof B | | . ]
[XP[RIM[‘JT% s
] 5 - L ]
x10° 5 800E 300 |- -
% 0.20F "~ T T >' « 18 L L Belle PRL 91 262001 4
] S i 4 Data 2 :,. 1% 600 L 4
- ~Fit 2 99 18 n - '} -
< hy 1€ - - +p—
~ 0.15- ~X@872Sig 1§ 490F - P DI J/IP -
- = Z -
a - —y(29) Sig % 17 200k 200 - N
© i =Background § "®——75——4 ] C B §
e = o N o J il R N - -
2 010 ATLAS Preliminary —| 600 800 1000 1200 1400 . 1
8 L [s=8TeV,11.41" M(rmJly) - M(Jly) [MeV] ]
. i . - T 1 100 X(3872)>ntn /[y .
+l:.’ 0.05 7 L —+ Data 4 B 4
B Y . © [ — Total fit ] L .
g ] é 1OBESIII === Background ] L
L e L L] o [ ] - T
OOG 3 7 318 /\'\3| S L _ 0 | - D'-r“lJI | 1 PR IR S N !
: : - ’ %’ 5 ) N 0.40 0.60 0.80 1.00 1.20
m(JAy') [GeV] 5 1 l u Hl l 1 _
i ]
6000 illi i .i iil T " T A s HE
COF II 300-DG xgerz 38 3.85 3.9 3.95
2200 M i) (GeV/c?) CMS
5000 2100
2000 Frmrr1rrrr TTT] > LR L
~ sAnL £ i CMS \S=7TeV |
%4000_ 1900 + )00 :_ _: E 100 10<pT<50 GeV i;azt_aafb' ]
2 oo T T T . y 3 E R Mtz T e,
© 1700 } 3 20000 E 3 ¢ 80 signa .
®30001 380 3.85 390 3.95 = E 1 & 10 ]
g 8 385 3% 395 oot s : g 3 o *
(1o} Ay E = = 5P 17
2 2 E % 2 60 & 17
$20001 | tuy n'w " 5 o000y 3 i 8 3 o i
o = B T T = 40 g M S
;H% i PR by ﬂ‘#++w+++m+ﬁ 200_ £ i 3 2 10p \ ]
bt + 4 (3] —_ o 375 38 38 39 395 4 |
10004+ Jy wnt L E B mhy ') [Gev] |
29 3 31 32 3é3 :_ _: 20
M . . (GeV/ic?) E E § , i
. . ; . . . A IR AR B A R P I U T P DU I I T T i | o 1
3.65 3.70 3.75 3.80 3.85 3.99 3.95 4.00 O.GM 0.7 I\ﬂ.B GO.QV/ 51 38 382 384 32.86 3.88 3.92 392 394 396 398 4 8.6 37 38 39 4
Jiynn Mass (GeV/c®) T (GeVic?) m (GeV/e?) m(JAy ') [GeV]



2200 |

2000
1800
1600
1400

esor ~600 events
600

550 #

soofffl fh.J " Teag...--

450

3.85 3.86 3.87 3.88 3.89

X(3872) Mass and BE

CDF PRL 1003 152001

~6K events

My(3g72) IS indistinguishable from mpg + mp.o

"B.E."=3 £ 193 keV

X(3872) mass measurements

3871.61+0.16+0.19 MeV

:+-+‘

LHCb EPJ 72 1972

] 3871.95:0.48:0.12 r\*ev
3850 3900

PDG14: 3871.69+0.12

| BaBar

| CDF

| Belle

|LHCb

[New WA

[M(D)+M(D™)|

—&— 3871.69+0.09 MeV

3870.6 3870.8 3871 3871.2 3871.4 3871.6 3871.8 3872 3872.2 3872.4
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Events /( 0.004 GeV )

Events /( 0.004 GeV )

Events /( 0.004 GeV )

100

80

60

40

100

100

80

60

40

X(3872) width

Too narrow to be measured (at least so far)

I,,,=0.1 MeV

tot
173 events

wfm%&ﬁm AT @#‘};jﬁ*‘}#ﬁ%&é

I,,,=0.6 MeV

tot

- I,,=1.2 MeV
3 4

1
3.94 3.96
M(J/p nim) (GeV)

Likelihood

2
I (m-m,)
®exp| -————
2 2
(m-m,) +(T/2) 20°
1=
L Belle PRD 84 052004
0.8 .
[ " 90%
0.6 - -
i =
0.4 3 g N,
0.2F .
of e Esssssssssas
1 1 1
0 1 2

3
Width (MeV)

I,.<1.2 MeV

For comparison: T, , = 0.84+0.04 MeV



Strong coupling X(3872)->DD*

PRDS1, 031103(2010)

@ 2-dim. Fit B —K DD :
Nel():@., R A e S Y.: - ~ 605fb-_
214~ B'&B’—D'D'K - . " 03
E 1k ] ] o N 2 ,y BELLE

- 0. 7 8+ 0.6+0.4 10
S | M=3875.0°7 +0,5 MeV M =38728) §°* %2 Mev 3
s F A /|ass from nJ /+p modes ¢ 5
0 8 >
[5 . 5 u 6:

“ mh
Z R i O I - ~
0"388 39 39 394 396 398 4 3 3
D ’D° Invariant Mass (GeV/ch 8t ~10F

BaBar PRD77, 011102(2008) [(BW)=3.% 3

g

Belle PRL97, 162002(2006) first result

Events / (

B(BK Xy5,,)B(Xs57,~> D DY) = (0.80+0.20+ 0.10)x10™

) N £ (=2 [=-]

—
3

S-wave

0 %y Ll L.l
5.2 5.21 5.22 523 5.24 525 5.26 5.27 5.28 529 38698 3873.8 3877.8 3881.8 3885.8 3889.8 38938

—t— M,, (GeV/c?) M(D*D) (MeV/c?)
Bf(X(3872)> DD*0) = (10+3)xBf(X(3872) D m+m-J/)

Independently of the original mechanism for its
existence, the strong coupling to DD* in an S-wave &
Braaten & Lu (PRD 76 094028): small "BE" imply unambiguously that the X(3872) must

be either a molecule (BE<O) or a virtual (BE>0) DD*
state of size zl/ 2m, |BE| =7 fin

40
“scattering length”



Radiative decays of X(3872)

B(X(3872) — P(2S)y)

Ryy = BX(3572) 5 Jby) - @ probe of the nature of X(3872)

9]

[
=)
T

Events / (5 MeV/c)

=)

'
)

k A 177..“,_,_55‘_‘., ;___.'_._ : 4
M(w(2S)7) (GeV)

X(3872) > y ', /v I\ 1
, .BaBar 2009 PRI, 102 (2009)
el 2011 132001 3.60( 3.50 BaBar
elie p
90% oL UL PRL 1207 (2011) 091803 0.46| 4.95 Belle
LHCB 2014
—

—

4.40,\12.00 LHCb

__predictions for pure cc state
| prediction fo'r pure DD*:model

BR(X(3872)—w(2S)y)/BR(X(3872)=J/wy)

predlctrons for admixture of cc and DD*

- + +
V0 //‘ L, //////I/////////w/%///,a - 2 . 48 —O - 64—0 - 2 9
RPN RPN I R PN B R B B B The LHCD results are consistent with, but more precise
0 ! 2 : 4 5 ¢ R 7 than, the BaBar and Belle results
yy

From T. Skwarnicki (Moriond QCD 2015)
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Isospin of the X(3872)

No X(3872) charged partner states in B> Kr*nJAp

Belle PRD 84, 052004(R)

(If M(X*) > mp.+mpeo # 3877 MeV, T'(X*) may be wide) & BaBar PRD 71, 031501

BO> Kl B*>KortrtOJAp

121 ‘!
10 :
8_ ' L[t | it .
Jik g b )
riet
L

S 1
ob é‘lfg} 586 586 39 892 O e 35 Tes%es s

M(rc+n/p) (GeV) M(mtrp) (GeV)

42



X(3872) decay modes

X(3872)~> yI/p .. .»~15T(X(3872)>m n-J/)
> [npe=10 T'(X(3872) 2w )
> -l “DD*"~ (X( )2 ta-l/)
2> o/ I'(X(3872)>m*n-1/p) < 80 keV
- DOD*0

T(X(3872) - pp) <0.002T(w" 7] fp) <160eV

ete 2yt

X(3872) production modes s xpmmmmm

10
= B-meson decays -

= Prompt pp (& pp) collisions 5:
I

—- Data

— Total fit

=== Background

il

" ete” 2> v X(3872)

-.- 1 lsL i .L.

Y
(Y(4260)?) 3.8 5

3.8
Mt J/y) (GeV/cd)

3.9

3.95



Candidates per 20 um

CDF: ~85% of pp—=>X(3872) is prompt
DO: prompt pp=2X(3872)X = pp2Y’'X

-
o
~

DO PRI 93, 162002
CDF Il Preliminary
= X(3872) »JAy ' T e Data ~220 pb’’ O_Q;Dﬂ y(25)
- ' B Prompt X(3872) 050 ° X(38?2)
10" = B Long-Lived X(3872) - ‘ |
0.7 L IS :
[ ] Prompt Background E |
i S o6 b ' 1
, [] Long-Lived Background o OF |
107 = S o5 i o
B> X(3872)+X (16%) s 5 %
ke % 0af |
10 e 03" % :
i, 4 I 0-22_ : : : b ‘%
. o1 | | | |
! ";__ +H HH ++ EPro i Iyl icos6, dl . isol ' cosf,
-0.1 ! ) 0.3 0 ' ' ' ' '
Uncorrected Proper Time (cm) Comparison
X(3872) & ¢’ have similar production characteristics (i.e. p;- & |y|-dependence, isolation, etc.)

N Osf
/(\

,lpl

44




ATLAS-CONF-2016-028

prom@t

e

chn

I

Measured cross section times branchin

2L
Ra

1 . . . . .

ATLAS Preliminary

Vs=8 TeV, 11.4 b’
Prompt w(2S)

10"k

—+—Data
[INLO NRaQCD

—— NNLO" CsSM
1

10 20 30 40 50 60 70
w(2S) p, [GeV]
2.5 =
2§ NLO NRQCD { Data 3
1 5§ NNLO- CSM 3
1E ¥ 3
0.5 =
o E- - - - - & 3
10 20 30 40 50 60 70
w(2S) p [GeV]
102 I I R I R ' I
ATLAS Preliminary
Vs=8 TeV, 11.4 ib™’
—3
10 Prompt X(3872)
104
10°°
10°®

N
a
M.

b [TTTTTTTTITIOITTTTTIITTT

NLO NRQCD } Data

30 40 50 60 70

X(3872) p, [GeV]

B(B — X(3872)) B(X(3872) — J/m+n™)

Theory /Data~ B(yT28}-/y(u'u )i, dybiGeV]

Werkfoldp. dyinbiGeV]

X(3g72)-hy(u

Theory / Data q;r(

ATLAS: (two lifetime model)

I a
Vs=8 TeV, 11.4 fb™'
Non-prompt w(2S)

30 40 50 60 70
w(2S) p, [GeV]

T

10 20 30 40 50 60 70

w(2S) p, [GeV]

ATLAS Preliminary
Vs=8 TeV, 11.4 ib™’
on-Prompt X(3872)

—+— Data

E FONLL rescaled to X(3872)

1 O_6 Branching fraction uncertainty

40 50 60 70
X(3872) p, [GeV]

(o] 20 30

N
0
L

* Data

- =N
0 o

40 50 60 70
X(3872) p, [GeV]

30

B(B — ¥(2S)) B(v(2S) — J/¢mtm—)

Include
~25% of Bc
(short lifetime)

— (357 +0.33+0.11)%



Isospin mixed eigenstate in the X(3872)

X(3872) > p Iy

So I } Isospin violating decay modes (each other) with similar BFs

Braaten & Lu, PRD 77, 014029

“core”

state @
1 iVIX(3872) -, mD;' _ZQTO
: |
]‘WX(3872) M, —mD*O’—quO =-8.2 MeV
|
~0

X(3872) is probably a "mostly” I=0 mixed Isospin state

is there a "mostly” I=1 mixed eigenstate near my.+mpx«.? 46



a mixture of DD* & a c¢ “core”

Ex: “hybrid” model for the X(3872)

, , most of the time looks
Takizawa & Takeuchi like a D°D*° molecule

PTEP 9, 093D01

AWV o
ce e\
?“o.ducoﬁ\?o“ M qz
\\\% ] xesr) My =My =5
| _ ' 1
9
MX(3872) =My =M 0 =2, =-8.2 MeV
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Summary

* A number of tetraquarks and pentaquarks candidates have
been observed, and their properties are reviewed.

* What is the nature : molecules ? diquarkonium ? hadro-
qguarkonium ? or hybrid states ?

- None of these is sufficient to account for.

- Remains opportunities for Bellell, LHCb, BESIII and NICA.

* Production in pp & pA collisions (NICA?) potentially

provides discrimination between molecule-like & diquark-like
structures of XYZ states
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Back-up slides



Can the X(3872) structure be probed?

This is also
our motivation for
the NICA project.

5*0

>7 fm

B, < 0.3MeV

C

Takizawa & Takeuchi, PTEP 9, 093D01

X(3872)) =0.944|D°D ™) +0.228| D*D"") - 0.237|cT)

"(=2 nAp) + X
Study: pN(pp){ X(31g7(2) (> n;cpj)/tp) +X at4/S,y = 8GeV (near-threshold)
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What's the NICA project ?

(Nuclotron-based lon Collider fAcility)

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 University, Jinju 660-701, Korea
(3) Center for Underground Physics, Institute for Basic Science, Daejeon 3407/, Korea
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Multi-Purpose Detector (MPD)
(of NICA collider at Dubna)

1-st stage (2019)

Solenoid of 0.66T

“Barrel ECal”, =

TPC, ZDC, FFD

/SC Coil / TOF

:

2-nd stage

Inner Trackér,
EndCap (“Straw”) Tracker,
Endcap ECal

ke Cryostat ECal

3-d stage
Forward-spectrometers
(optional ?)

Forward
spectrometer-B

™ TOF

S
S,
Q

Design parameters has been optimized
by physics processes in nuclear collisions (heavy-ion)

S 2008

> 2008y

2

-

v

1"

=

-

©

—

9 1001 » Hadrons

E |A G

O
P &
s f.\A\C‘P‘/

X

A\

©® Nuclotron-M i

)N%ryon densityn/ n,

i

-

No=0.16 fm=3
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Measure Production Rate: R
To test this “hybrid” picture for the X(3872)

pp—=2X(3872)> )/
Y'—=a'n Jhy
(P — T X(3872) =t Sy
.\(fﬁz
X(3872) production
//)o
¢ J
[ p ,’V,.‘ | Atomic Number-dependent
| Production of the X(3872)
PAr->X(3872)2>m i/ at fixed /s,y = 8GeV

should be dramatically different
than that of the 1y’ which is

IfA > 60, r.__> 5fm. long-lived compact charmonium .

~ rms ~

v

&
<

Survival prob of >7 fm ‘molecule’ inside nuclear

matter should be small.
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cc assignments for the XYZ mesons?

no uhassigned levels **
for the 1 — |

Y(4260) & Y(4360)

MASS [GeV/c?]

the X(3940) & X(4160)as 5 , |

the 1.(3s) & 1.(4s) would
imply huge hyperfine
splittings for n=344 32

3.0

- Me(@'50) W(4%S1)

4.2 -

P(3%S1)

i

hc(31P1)

\

4

Xc0(3°Po)

Xc2(33P2)

c1(3%P

- 6 charged Zs
| must have a minimal
. quark content of ccud

& Close to D*D* threshold

P D*E threshold

N\

the Y(3915) mass and
r(Y>wJ /) are too

high for the yo(2P)

Xc0(23Po)
g/(1°D1)
P’(23S1)
Nc'(2'So)
; x:2(13P2) |
hc(1 P1) XC1(13P1)
Xco(13Po)
established cc states
predicted, undiscovered
JP(13S4)
| ne(1So)
0+ 1— 1+ O++ 1++ 2++
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Models for the Y(3872)

DO-D*0 molecule?

Lots of literature about this

Impossible to produce such an
fragile extended object in prompt
high energy hadron colliders at
the rates reported by CDF & CMS

S=1 “bad” diquark

QCD diquark-diantiquark?

Maiani etal.  PRD 71, 014028 (2005)

S=0 “good” diqua

Predicts partner states (e.g.,
a nearby state with u—=>d) that
have yet be seen.
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