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. In general, we wouvld cxpect that baryons are built nct only from the
A simpler and more elegant scheme can be : B -
constructed if we allow non-integral values for the product of three aces, AAA, bub also From AAAAA, AAAAAAA, etec.,
charges. We can dispense entirely with the basic where A denotes an anti-ace, Similarly, mesons could be formed
n b if i i llowing - e . . .
baryo we assign to the triplet t the follow from AA, AAAA etc. Tor the low mass mesong and baryons we will

properties: spin 3, z = -3, and baryon number 3
We then refer to the members u3, d-3, and s~73 of
the triplet as "quarks" 6) q and the members of the "deuces and treys',
anti-triplet as anti-quarks q.| Baryons can now be

constructed from quarks by using the combinations

(aqq), (qggqq), etc., while mesons are made out

of (qd), (qqqd), 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 (q q) similarly gives

just 1 and 8.

assume the simplest possibilities, AA and AAA, that is,
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constructed if we allow non-integral values for the
charges. 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
We then refer to the members u3, d-3, and s-3 of

the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks q.| Baryons can now be
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States with >3 quarks have been
expected since the beginning
of the quark model
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Nonrelativistic potential model: solve Schrodinger
equation with the potential
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New charmonium states still being found: LHCb
observed state consistent with 13 (13D3 ) found in
DD and D*D- mass spectra in 2019

Crucial to account for conventional
states when searching for exotics
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20+ states containing cc have been discovered since 2003

Exotic cc States
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Collaboration . . . _
prio1 2000 003y * The first exotic hadron — discovered in J /Ymt ™ mass

» ] 525) ] spectrum from B decays by Belle in 2003

> N "
& I 1+ LHCb measured quantum numbers (PRL 110 222001 2013)
g 200 ]  Incompatible with expected charmonium states
§ 100 |- .
L i X(3872) i

L O Rt
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Mz TT) - M(I'T) (GeV)
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prio1 2000 003y * The first exotic hadron — discovered in J /Ymt ™ mass
| spectrum from B decays by Belle in 2003

 LHCb measured quantum numbers (PRL 110 222001 2013)

200 |- .  Incompatible with expected charmonium states

e Mass is consistent with sum of D° and D*° masses:

100; gm ch1(3872) _ (MDO T MD*O) = 0.01+0.27 MeV

0.40 0.80 1.20
Mz TT) - M(I'T) (GeV)

300 — P(2S) —

Events/0.010 GeV
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PRL 91 262001 (2003)
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X(3872) - a puzzle

Recently renamed
Xxc1(3872) by PDG
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* The first exotic hadron — discovered in J /Y™ T~ mass
spectrum from B decays by Belle 1n 2003

 LHCb measured quantum numbers (PRL 110 222001 2013)

* Incompatible with expected charmonium states

e Mass is consistent with sum of D° and D*° masses:

M

X

Li872) — (Mpo + Mpwo) = 0.01

DD " Molecule

VERY small binding energy

VERY large radius, ~7 fm

Matt Durham - LANL
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Belle Collaboration

pri91 262001 2003 ° The first exotic hadron — discovered in J /Y™~ mass

] 525) i spectrum from B decays by Belle in 2003
: 1 * LHCb measured quantum numbers (PRL 110 222001 2013)
- ~ * Incompatible with expected charmonium states
5 ] e« Mass is consistent with sum of D° and D*° masses:
) 0 h My ) — (Mpo + Mpo) = 0.0140.27 MeV
| ! R .,
0.40 0.80 1.20 D° D Molecule Compact tetraquark
M@ 7T - M(IT) (GeV) D?
”
* Tightly bound via color
VERY small binding energy exchange betheen diquarks
VERY large radius, ~7 fm - - S“” rdlus, 1 fm -
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Suppression of weakly-bound quarkonia states has been

Effects of Binding Energy

studied for decades in pA collisions

. Ratios of 1[)(25)/]/¢ and Y(ZSBS)/Y(lS)

) ptp
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):|p/ He+A/ {Gw(zs
y(1) Oy(1s)

[Gw(zs

O

state Nc J/ZD X c0 Xel X2 77//
mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69
AE [GeV] | 0.75 | 0.64 | 0.32 | 0.22 | 0.18 | 0.05
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Satz, J. Phys. G 32 (3) 2006
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cf. PLB 749 98 (2015)
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PHENIX, Nature Physics 15 214 (2019)




* Suppression of weakly-bound quarkonia states has been
studied for decades in pA collisions

. Ratios of 1[)(25)/]/¢ and Y(ZSBS)/Y(lS)

Effects of Binding Energy

T 1T I T T T T | 1T T | T T T | T T T T I T T

< 300 :— LHCb Preliminary Poster b ~
2 [ pPb {5y =8.16 TeV oster by ]
= 250~ converted photons Jana Crkovska
— E 15< y"‘x <40 E
:/ 200 :_ -Xcl XcZ :
2 ]
= 1501 —'
= - Y .
100 —
N _;
:I 1 I 1 L 1 1 I 1 1 1 | 1 1 1 _|_| 1 1 | 1 I 1 1 1 1 I 1 1 :

300 350 400 450 500 550
M@uy)-Muw) [MeV/e?]

state Ne | J/W
mass [GeV] | 2.98 | 3.10
AE [GeV] | 0.75 | 0.64

Satz, J. Phys. G 32 (3) 2006
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cf. PLB 749 98 (2015)

p+Au
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PHENIX, Nature Physics 15 214 (2019)
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* Suppression of weakly-bound quarkonia states has been E wob T (o =816 Te Jana CrkovZka T D movers
. . L 250 converted photons — ==
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- 25) Y(2S,35) Z200E K K : f. PLB 749 98 (2015
» Ratios of ¥ and ’ > i o 2o
/1w /¥as) 2t z
A = AL oo
* In general, final state effects are required to explain LooE- - .
. ) . - . PHENIX, Nature Physics 15 214 (2019)
difference in suppression between states F ]
: : o ) . 50 -
* Prevalent in regions with high particle multiplicity : ]
O_I L I 1 | | 1 I 1 | L | 1 L1 _l_l | — | 1 I L1 | | I 1 | ]

300 350 400 450 500 550
M@uy)-Muw) [MeV/e?]

~ e ~ —talk by Shanzen Che)
S600F [ ch b (=816 TeV, pPb ] =800 | ey 1 50=8.16 TeV, Pbp
=z F 1 Z700F 3
=000 B r(nS) 1 Z600F Y (nS) 3
state Nc J / w X cO Xel X2 7,/)/ 8400;_ ------- Background ] 85005— ------- Background E
53003 — Total E £400 ._. — Total ]
mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69 g 1 S300
=t
AFE [GeV] | 0.75 ] 0.64 | 0.32 | 0.22 | 0.18 | 0.05 - j 100 e
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Satz, J. Phys. G 32 (3) 2006
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* In general, final state effects are required to explain LooE- - .
. . . - . PHENIX, Nature Physics 15 214 (2019)
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e Weakly bound hadronic molecules may show similar effects. M@uy)-Muw) [MeV/e?]
e Talkby Shanzen Che,
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state Te J/??D Xc0 Xel Xe2 77// X(3872) 8400:_ ------- Background 85002— ------- Background
5300: — Total 1 2400 1 — Total ]
mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69 | 3.872 § ' :
0.00001+ Shoof et L VN
AE [GeV] | 0.75 | 0.64 | 0.32 | 0.22 | 0.18 | 0.05 | (50057 z Mg 100} e
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%Probing X(3872) structure via interactions QZAuamos
with the underlying event

Prompt production: Event display of BY — p* ™ candidate, PRL 118 191801 (2017)

* X(3872) produced at collision vertex '~
can be subject to further interactions
with co-moving particles (medium?)
produced in the event

* Potentially subject to breakup effects

Matt Durham - LANL
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%Probing X(3872) structure via interactions QZAuamos
with the underlying event

Prompt production: Event display of BY — p* ™ candidate, PRL 118 191801 (2017)
* X(3872) produced at collision vertex -
can be subject to further interactions 0 S
with co-moving particles (medium?) =
produced in the event (6
* Potentially subject to breakup effects 14

Production in b-decays:

* Hadrons containing b travel down the
beampipe and decay away from the
primary vertex and decay in vacuum )

* X(3872) from decays not subject to *
further interactions .

* Control sample

14.6. 2011 18:57:08 . ) o - s
Run 93593 Event | 179897868 bld 1140 = ) = ) /=y Al O] —L‘ )

, ®
&l
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X(3872) - J/Yynmtw~

Vertex detector (VELO):
-Separation of prompt and b-

decay production
-Number of VELO tracks gives
measure of event activity

Two RICH detectors:
-Pion 1dentification

Muon System:
-Layers of absorber/tracking
-Muon hardware trigger

o 5 T, SR
> Y o e
Wuhan, China 4-9 November

JINST 3 (2008) S08005 /\/—7
Int. J. Mod. Phys. A 30, 1530022 (2015) > Los Alamos
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VELO Vertex Detector
reconstruct vertices
decay time resolution: 45 f:
IP resolution: 20 pm

Dipole Magnet
bending power: 4 Tm

Tracking system: TT and O Muon system

-1 . momentum resolution ) W identification g(u—>p) ~ 97 %
Rapidity coverage: ./, -os%1.0% eﬁ:'r‘;c:‘n:‘;':r(:nﬁ::t HCAL) 1 is 1D em->p) ~ 1-3 %
(5 GeV/c — 100 GeV/c)
2 ) I'] < 5 e/y identification
AE/E =1 % D10 %/VE (GeV)

Matt Durham - LANL pA |
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LHCb-CONF-2019-005 |

Reconstruct the u* u~ ¥~ final state from the decays:

LHCb Preliminary

N =
X(3872) = J/$(= prp)p(- mm) SN ; PP Vs =8 TeV
[ 9000 ;— “gssoo:— #
Y2S) -]/ ptu)nt T = go00f S sonf ! ++
: - s 5 s400F }
= 7000}~ 2 ot
O - 5 b +++ W ++++++ h +++++++++++H
Select J /3 from dimuons, combine with two identified = 6000F v 3°°°5{++++H++H+++++ + thg
pions. Perform kinematic refit, constraining J /¢ mass to Lﬁ 5000~ 28‘;‘;? ]
known value and all four tracks to identical vertex. 4000E- - My (MeV/G?)
3000 o " oot e
Direct comparison between conventional charmonium 2000 = D e AN
P(2S) and exotic X(3872) via ratio of cross sections: ;,..m"“"
1 OOO —_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
O-Xcl (3872) y B[Xcl (3872) — J/w 7T+7T_] 3650 3700 3750 3800 3850 3900 2950
O4(2S) Bly(2S) — Jhpmtn] M)/ (MeV/CY)
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LHCb-CONF-2019-005
&31400__ LHCb Preliminary D 17 LHCb Preliminary Slmultapeous fit to invariant mass and pseudo
S pp /s =8 TeV o "pp ls=8TeV proper time spectrum:
@ 1200r g J — Total fit .
S i . 10 —--- Prompt signal Zdecay Zpy
- o 60 < N/EL° < 80 g/ t, = M
g - P, >35GeV/ic AN ek | ---.Background Pz
Q e O F N 60 < N'EL° < 80
Py i — i i : racks
8 600 'E' oL [ p > 5 GeV/c
= 0 « LW F o Ry
'E’ 4001~ S - ' i e
IJJ B . i B A <~ A i __'x;': 10 . ' ‘ ';~!. i
200l TR s 1¢ 7 ¥ PWE i ! ::
i g ¥ mmﬂ - LR
O_ l BN I S l P I N | { | l"'i J | I T . J B | 1 I[' l il EXREY l 2 o oy o l PR S l L) i fimng I
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 Significant decrease in prompt fraction of both
X(3872) and ¥ (2S) as event activity increases:
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Significant decrease in prompt fraction of both
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Events with bb production naturally have higher

multiplicity, due to fragmentation and decays
. OPAL, PLB 550 33 (2002)
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 Significant decrease in prompt fraction of both
X(3872) and ¥ (2S) as event activity increases:

» Events with bb production naturally have higher

multiplicity, due to fragmentation and decays
. OPAL, PLB 550 33 (2002)

e Formation of prompt X(3872) and ¥ (2S) may be
disrupted at the vertex, which cannot affect
production via b decays in vaccum.

Matt Durham - LANL



/)

Ratio of cross sections Los Alamos

Xe 1 3872 EST.1943

Oxc1(3872) y Blx(3872) — Jjpntm™] _ Ny (3872) forompt o Ey(25)
Oy (29) Bv(2S) — Jipmtr] Ny 2s) fprgipt Exe1(3872)

Matt Durham - LANL




O, (3872) BR(XC 1(3872)—) Jhy " )

Ratio of cross sections

>
> Los Alamos

NATIONAL LABORATORY

EST.1943

Xe1(3872)

Oy (3872) _ Blxe1(3872) = Jhpm 7] _ Ny (3872) forompt E(28)
Oy (29) B[y(2S) — Jhpmtn] Ny 2s) fp/r(iipt Exe1(3872)
C T LHCb Preliminary Prompt.COmponenti
e 0.12— pp s =8TeV Increasing suppression of
o 0 1;_ + - 4+ Prompt X(3872) production relative to
% | ' + - P (2S) as event activity increases
0.08— i
B L H
oy 0.06— — +
=R ‘ {ﬁt |
o 0.04—
m
0.02f p.>5GeV/c
n N
S)ll/ O 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
S 0 20 40 60 80 100 120 140 160 180 200
o) NVELO
tracks

LHCb CONF-2019 005

Matt Durham - LANL




E

ci

(3872) BR(X (3872)—) J/\|f TC+ TC-)
BR(y(2S)— J/y " )

Xc1

0]

_ LHCb-CONEF-2019-005

Ratio of cross sections

Xe1(3872)

ya

AN
> Los Alamos

NATIONAL LABORATORY
EST.1943

Oxc1(3872) B[Xc’l(3872) — .]/@/)77'+’/T_] _ X 1(3872) f prompt 51[)(25)
0y (25) B[(25) — Jfpmtm] Nys) foa) Exe1(3872)
C ] LHCb Preliminary Promp tOCOmponentE
012 pp \s =8 TeV Increasing suppression of |
. 13_ + . —+ Prompt X(3872) production relative to
' = + b decays P (2S) as event activity increases
0.08 —
- —+— b-decay component:
0.06 - -] No significant change in relative
0.045- production, as expected for decays in
E % ~E— vacuum. Ratio is set by b decay
0.021~ $ P, >3 GeVie branching fractions.
O:...|...|...|...|...|...|...|...|...|... Consistent with ATLAS measurement
%0 4050 80 100 120 140 180 18V°EL§)°° R =0.0395+0.0032+0.0008 (p;>10GeV/e)
N JHEP 2017:117 (2017)

tracks

Matt Durham - LANL




/)
-
> Los Alamos

NATIONAL LABORATORY
EST.1943

E

c\’{; 400 LHCb Preliminary + o’g [ LHCb Preliminary +
S [ Pbp sy =8.16TeV S s00f-PPb |5y, =8.16 TeV + + +
) F -5.0<y*<-2.5 ) - 1.5<y*<4.0
= 300F- p_> 5 GeV/c = 2501 p.> 5 GeV/c
I I
~ 250 ~~ i
) : & 200
9 200: -9
= F — Total fit 4S5 150 — Total fit
LICJ 150F - Background LICJ - Background
100}~ ¢ c1(3872) 100_ Xc1(3872)
505_ 50
Rt 50 saio Saen 3660 9000 9920 Bedd” 800 3820 3840 3860 3880 3900 3920 3040
2 2
M T T (MeV/c?) J/w — (MeV/c?)

Theorists: predictions welcome
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% Summary Los Alamos

* The study of exotic hadrons 1s an active area of discovery in QCD

* Data and techniques from heavy 1on physics give us a new window into dynamics of
exotic states in a dense QCD environment:
* Prompt fraction of X(3872) and ¥ (2S) decreases with multiplicity in pp
* Relative production in b-decays shows no significant change with multiplicity
e Indications that prompt X(3872) may be suppressed more than prompt P (2S) as
multiplicity increases

* Consistent with the interpretation of X(3872) as a large, weakly bound state such as a
hadronic molecule.
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¥ States in pPb Los Alamos
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Observation of the A) — x.1(3872)pK~ decay

LHCD

The LHCb collaboration

E-mail: Ivan.Belyaev@itep.ru

ABSTRACT: Using proton-proton collision data, collected with the LHCb detector and cor-
responding to 1.0, 2.0 and 1.9fb~! of integrated luminosity at the centre-of-mass energies of
7. 8, and 13 TeV, respectively, the decay Al — x.1(3872)pK~ with .1 (3872) = JApm'n
is observed for the first time. The significance of the observed signal is in excess of
seven standard deviations. It is found that (58 = 15)% of the decays proceed via the
two-body intermediate state X.:(3872)A(1520). The branching fraction with respect to
that of the AY — W(2S)pK~ decay mode, where the {(2S) meson is reconstructed in
the JAp " m final state, is measured to be:

B(A] — Xc1(3872)pK ) « B(x:1(3872) =+ JAbm m)

. o : =(54+1.1+02) % 102,
B(A} — (28)pK™) B((28) =+ JAbmrm) O ) %

where the first uncertainty is statistical and the second is systematic.

KEYWORDS: B physics, Branching fraction, Exotics, Hadron-Hadron scattering (experi-
ments)

ARrRXIV EPRINT: 1907

o ¢
& %L o Q-0

00954

. P Que 2 o
o o y o L ¥ & > A
r ] oof & < © » Y Cad & " o
° . O -

Matt Durham - LANL

/)
-
> Los Alamos

NATIONAL LABORATORY
EST.1943




