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X(3872) — an enduring puzzle  AkA ., (3872)

* The first exotic hadron — discovered in J /Y * T~ mass spectrum from B decays by Belle, PRL 91 262001 (2003)
— A new charmonium state? Eichten, Lane, Quigg PRD 69, 094019 (2004)
— Charmonium hypothesis disfavored by measured mass and quantum numbers, LHCb PRL 110 222001 (2013)
— Tetraquark state? Expected since Gell-Mann and Zweig proposed quark model but never conclusively observed.

r~1fm

Tightly bound via color
exchange between diquarks
Small radius, ~1 fm
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X(3872) — an enduring puzzle  AkA ., (3872)

* The first exotic hadron — discovered in J /Y * T~ mass spectrum from B decays by Belle, PRL 91 262001 (2003)
— A new charmonium state? Eichten, Lane, Quigg PRD 69, 094019 (2004)
— Charmonium hypothesis disfavored by measured mass and quantum numbers, LHCb PRL 110 222001 (2013)
— Tetraquark state? Expected since Gell-Mann and Zweig proposed quark model but never conclusively observed.

* Mass is consistent with mass of D® + D*0: (Mpo + Mpo) — M, 3872 = 0.07 £ 0.12 MeV/c?>  LHCb JHEP 08(2020)123
— Hadronic molecule?

r~1fm

A DY r~10fm

T Hundreds of theory
papers exploring
various possibilities,

Tightly bound via color D no broad consensus
exchange between diquarks VERY small binding energy
Small radius, ~1 fm VERY large radius, ~10fm
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Heavy quark states in the QCD medium

Dissociation via interactions
with comoving particles
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Heavy quark states in the QCD medium
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0 a Hydrodynamic flow induced

Dissociation via interactions by pressure gradients
with comoving particles (initial state?)
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Heavy quark states in the QCD medium
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Hydrodynamic flow induced

Dissociation via interactions by pressure gradients
with comoving particles (initial state?)

Suppression via color
screening
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Heavy quark states in the QCD medium

Diffuse medium

w0 90

0 a Hydrodynamic flow induced 0

Dissociation via interactions i
: . ; by Pressure gr adients Suppression via color Production via coalescence
with comoving particles (initial state?) screening
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Heavy quark states in the QCD medium

Diffuse medium

e a Hydrodynamic flow induced 0 a

Dissociation via interactions i ) X
. . . by pressure gt adients Suppression via color Production via coalescence
with comoving particles (initial state?) screening

We prepare these environments experimentally by varying

) Los Alamos beam species, energy, and kinematic regions measured.
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LHCDb data — 8 TeV pp

Reconstruct the u*u~ ™ final state from the decays: PhVS Rev. Lett. 126, 092001 (2021)

l 10000;_ - LHCb pp \sl 8TeV.p, >5|GeV/ _
X(3872) > J /(> pru)p(> mhmo) > ol e £
S 8000 % 0 =
Y2S) = J/p(= ptp )T 5™ 3
8 6000 - S x
S s N E
. . . . =] E M, MeVic?) 3
Direct comparison between conventional charmonium 5 4000 - \ E
2S) and exotic X(3872) via ratio of cross sections: 3000 - = R N
Vizs) (3872) S “X(3872)
O x.1(3872) < B[Xcl (3872) —3 J/w 7T+7T—] w0 3700 e 00 =
= M, . [MeVic?]
Oy (2S) B¥(2S) = Jipmtn—] "
»  Expose X(3872) to different hadronic environments magnet | stations
by choosing events with varying charged particle —_—_—
multiplicity VELO N EEE
upstream track : track
, ong trac
* Events characterized by number of tracks VELG bk
. VELO i
reconstructed in LHCb vertex detector, N;p;iks ~N—

downstream track
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X(3872)/w(2S) vs multiplicity in pp

Phys. Rev. Lett. 126, 092001 (2021)
o4 THCE ' 9 Prompt component:
E pp Vs=8TeV + Prompt Increasing suppression of X(3872) production
relative to P(2S) as multiplicity increases
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BR(y (2S)— J/ yata)
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X(3872)/w(2S) vs multiplicity in pp

Phys. Rev. Lett. 126, 092001 (2021)

— LHCb =~
C pp s=8TeV + Prompt 4 b decays
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Prompt component:
Increasing suppression of X(3872) production
relative to P(2S) as multiplicity increases

b-decay component:

Totally different behavior: no significant change
in relative production, as expected for decays in
vacuum. Ratio is set by b decay branching
ratios.
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Comover Model |

Phys. Rev. Lett. 126, 092001 (2021)

Ol eFIEGE T ] =
k|8, F o 5=8Tev +Prompt 4 b decays .
s |8 M2, S5Gevie . . -]
X (= - T Comover Interaction Model, Esposito et al. -
S 01— gy Molecule ™

% //L B iH ggggg(geometric) .
= |l 008 -
A - —H— ]
3= - _$_ .

35 Eﬁ/ 0.06 — —
Eﬁé aa - ” —tgH 3
0.04 — —

clz  E g -
= = 0021 -
o [° - .
[ M TR T I TS N

00 50 100 150 200

NVELO

Molecular X(3872) with large radius
and large comover breakup cross
section is immediately dissociated
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tracks

Prompt component:
Increasing suppression of X(3872) production
relative to P(2S) as multiplicity increases

b-decay component:

Totally different behavior: no significant change
in relative production, as expected for decays in
vacuum. Ratio is set by b decay branching
ratios.

Calculations from arXiv:2006.15044

Break-up cross section:

Ethr "
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Comover Model |

Phys. Rev. Lett. 126, 092001 (2021)

Tl ““FCHCY T T T T T T T T T T T TS Prompt component:

L |8 C pp (s=8TeV G5 + Prompt 4 b decays ] Increasing suppression of X(3872) production
S|y "PEp >5Gevic . : 4 relative to ¥(2S) as multiplicity increases

X (= - T Comover Interaction Model, Esposito et al. -

S 0.1— <  Molecule { Molecule —]

% 0 = 4 (coalescence) gggg(geometric) . b'decay Component:

&% (@ 008 — Totally different behavior: no significant change
& - _$_ . Yy g g
N E S —— J inrelative production, as expected for decays in
g x - ——H 5 vacuum. Ratio is set by b decay branching
ci 0.04 - — ratios. . _

cSla ok —— ¥ 71 Calculations from arXiv:2006.15044
v; > 002 — b

s [ - 1 Break-up cross section:

0
0

L Ethr n
50 100 150 200 eo Q
NVELO (vo)g = U%Z < (1 T E, ) >

Molecular X(3872) with large radius
and large comover breakup cross
section is immediately dissociated

Coalescence of D mesons into
molecular X(3872) increases ratio
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Comover Model |

Phys. Rev. Lett. 126, 092001 (2021)

Tl "MF LHCb T T 9 Prompt component:
+lk C pp 5=8TeV e —+Prompt -4 b decays ] Increasing suppression of X(3872) production
f IS onE S = g supp p
I 12 F 5 GeV/ . . e
X [ o Py 2BV Comover Interaction Model, Esposito et al. - relative to II)(ZS) as multiplicity increases
0 S 01— h . Molecule Compact sgggg Molecule —] b d t:
< /’L = i (coalescence) tetraquark ¥ (geometric) o -daecay component:
% Q@ 008 e — Totally different behavior: no significant change
e 3 e J in relative production, as expected for decays in
ol C o 5 vacuum. Ratio is set by b decay branchin
% (1 - a y y g
=] 0.04 - — ratios. . _
Sla ok —— ¥ 1 Calculations from arXiv:2006.15044
| > 002 — ]
s [ - 4 Break-up cross section:

0

0

L Ethr n
50 100 150 200 eo Q
NVELO (vo)g = 02;2 < (1 T E, ) >

Molecular X(3872) with large radius

Coalescence of D mesons into Compact tetraquark of size 1.3 fm
and large comover breakup cross . . . c e .
LT . . molecular X(3872) increases ratio  gradually dissociated as multiplicity
section is immediately dissociated creases
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Comover Model Il

Different method of calculating breakup cross section:
Braaten, He Ingles, Jiang Phys. Rev. D 103, 071901 (2021)

Breakup cross section
0.10f 1 approximated as sum of cross
: | section for molecule constituents:

S
5 0.
@ 0 1
< 2 o™ X] ~ > (6[zD°] + 6[xD°] + o[z D*°] + o[z D*°))
S 0.
5 |
0.02¢ 1 DO Data 1s consistent with this
000 © - e @ molecular interpretation.
0 20 40 60 80

dN/dY, Niacks/2.2

Would all cc states have same breakup cross section in this model?
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Comparisons with other data

Phys. Rev. Lett. 126, 092001 (2021)

ol wETHY :
I8 E pp 5=8Tev “t Prompt ]
S8 "Ep >56evic 7
SN ]
1 S 0l —
a 1 F f .
©» 008 |— —
8\% E —#- ]
N 0.06 - i 3
[ [as] r + 7
A 004 - + .
gla  F
i: s onf —
S C ]
0 PR SR ST SR NN SR S ST S ST T S S TR S S S
0 50 100 150 200
VELO
tracks
Decrease of X(3872)

production relative to
P(2S) as multiplicity
increases.
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Comparisons with other data

*. ®  Ocg

Xiv:200 184
Phys Rev. Lett. 126 092001 (2021) o6 arXiv:2003.0318

3872y BR(x (3872)— J/ ywa*m)

o

— o Z ALICE 3
~ M "LHCb = ;_ [ [#]p-Pb, {S =5.02 TeV ]
K [ pp (s=8TeV ~+ Prompt ] = 0.005- VOA Multiplicity Classes (Pb-side) -]
5 0.12 -_pT>5GeV/C . o [ [#]Pb-Pb, s, =276 TeV ]
; 01:_ E N 0.004— [W]pp, (s =7Tev 3

“E $ E - , (s=13TeV |
% 008 :_ _: C f/‘()JMMulliplicityCIasses i
i T ] 0.003] T Lk ]
:§ 006 - —#— _+ 3 C : ;& ]
A [ . 0.002 :— 44 Thermal-FIST CSM (PLB 785 (2018) 171-174) -
_ o E _+_ E r --T,,=155MeV, V, =3 dVidy E
: § - 3 0.001F- —T,, =155 MeV, V, =dV/dy =
0 F 1 :' —Coalescence (PLB 792 (2019) 132-137) ]
% '5|o' — II(IJ(JI — '1;0 200 0 T T B AN ITT] B S I w T ]
VELO 1 10 102 10°
<chh ! dnlab) In, }<0.5
Decrease of X(3872) Increase of deuteron production
production relative to relative to proton production with
P(2S) as multiplicity multiplicity, well described by
Increases. coalescence models
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Comparisons with other data

. ®  Ocg

JHEP 11(2020)001

0.5
arXiv:2003.03184 [ppVs=7TeV  pp (s=2.76TeV pPb {s=5.02TeV
Phys Rev. Lett. 126 092001 (2021) & 0006 e 7 L 6 v(28) / Y(1S) ¢~ Y(25) / Y(1S) - Y(2S) / Y(1S)
Tl wETHeE = + e ] 0.4 * Y(38)/Y(1S) < Y(38)/ Y(1S)  Y(35) / Y(18)
Ik [ pp (s=8TeV + Prompt ] — 0.005[- VOA Multiplicity Classes (Pb-side) — r
I i 1 3 [ Sempenw 5 pi¥ > 0 GeV, ly"| < 1.93
I T nE s 0004~ =il - E 0.3[%, 4
SHPN F $ E C VoM MultiplicityClasses’___,_ E - SN 7%
28 : 0003 el 1 @ ol s gt
S|g o - - : % 1 Lozt
g m - :_ _+__+ B 0.002:— Ly Thermal-FIST CSM (PLB 785 (2018) 171-174) —: >~ :*Hﬂ
al- ] r --T,,=155MeV, V, =3 dVidy b L L1 -
Sla B #‘ \Th‘l - A
ol wnf 1 0.001F- ~T,, =155 MeV, V, =dVidy R 0 17 ; »(%jﬂ 4
b& o) E E :' —Coalescence (PLB 792 (2019) 132-137) ] ,% ~§7~
00 ISIOI - II(IJOI - Il;o VEL%;JO 0 L TR : "‘HH‘Z L "HIHIS . - : 0071 Lo b v v Lo | ||\A||\|
tracks 1 10 10 (dN10/d ) 0 20 40 60 80 100 120 140 160
on’ Map'1y_1<05 Naek
Decrease of X(3872) Increase of deuteron production Decrease of Y(2S, 35)
production relative to relative to proton production with production relative to
P(2S8) as multiplicity multiplicity, well described by Y(1S) as multiplicity
Increases. coalescence models Increases.
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(3872) BR(X 1(3872)9 J/'l/}][+JT_)

X
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X(3872) in the QCD medium

Diffuse medium

PP PbPb

-1

Phys. Rev. Lett. 126, 092001 (2021) 18..2102.13048  1.7nb (PbPb 5.02TeV)
o FTTAGH SRR 1of. CMS
| r - P t bd E O Prompt
T onf? >ﬁs GSC\T,ZV +Prompt b decays 3 £ e F m PbPb (5.02 TeV)
> o Py Comover Interaction Model, Esposito et al. - 2 ; 1.4F lyl < 1.6, 0-90%
S 01— Molecule Compact = Molecule —] 2 C
1 F (coalescence) tetraquark geometric) - L 1 1.2
g 008 - 3 E 1: i
S c —i= _ s g 1
2 006 - # 3 ><2 Z
& c 9 i 0.8 H pp (7 TeV)

0.04 (— # — C lyl <1.2 (CMS

3 E _‘?—_*_ ] £ osf o , <8Ti/ :
S onf| . o C pp (8 TeV)
s F - & 04f Iyl <0.75 (ATLAS)

= v L ' T i

0 50 100 150 NVEL%DOO 0.2F .

tracks S T P
qO 20 30 40 50 60 70

P, (GeV/c)
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X(3872) in the QCD medium

LHCDb pPb data fills critical gap between pp and PbPb

— LHCb-FIGURE-2019-019 -
No - LHCb Preliminary 4y 400 LHCDb Preliminary
S s00LPPb Sy =8.16 TeV IS ¢ S [ Pbp [Syy=8.16TeV !
() - 1.5<y*<4.0 * ) F -5.0< y*<-2.5
= 250 p,>5 GeV/c = s00f p,>5GeV/c
< C ) < C
\?; 200—_ % 2501
20 2D 200f
+= 150 — Total fit = F } — Total fit
UCJ oA Background Lfl 150 #%¢ Background
100f %,(3872) o i x_,(3872)
505_ 505—
R oo 5020 3840 ésleé 3680 3000 3020 3040
=~ 2 2
@ Los Alamos MJ/\|J1t+ T (MeVic?) J/\|I7t T (MeV/c?)



Near future: SMOG 2 at LHCb

ELECTRICAL CONTINUITY
FLOATING HALF CELL SUPPORT BETWEEN CELL AND RF FOIL

CONNECTED TO THE RF FOIL
FRAME

Example SMOG2 pAr at 115 GeV for one year

e int. Lumi. 80 pb-!
P s = Sys.error of J/'¥ xsection ~3%

GAS FEED TUBEIN J/‘I’ y!eld 28 M

CONICAL TRANSITION hE s R DO yleld 280 M

1 e A, yield 28M
o FRAME ‘I’I y|e|d 280 k
https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf Y(1S) yield 24 k
DY utu~ vyield 24 k

* Upgraded SMOG 2 system at LHCb allows greatly increased rates of beam+injected gas
collisions at LHCb

* Variable target gases — allows hadronic environment to be adjusted

« Access to exotic states near RHIC energies — much smaller coalescence at lower /s

* Hadronization inside the nucleus may become an important effect
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Summary

* Interactions of exotic hadrons with the underlying event provide a new way to
probe their structure and properties.

» The production of 4-quark states also poses new challenges to models of
hadron production and transport in a QCD medium.

« X(3872) structure continues to evade a clear, unified understanding. Additional
data required:
— Expect pPb results in near future
— New results from SMOG2 fixed target collisions
— More precise PbPb results with additional data sets

Los Alamos is supported by the US Dept. of Energy
5 Office of Science/Office of Nuclear Physics and Early Career Awards
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JINST 3 (2008) S08005

The LHCDb Detector Int. J. Mod. Phys. A 30, 1530022 (2015)

X(3872) » J/Yymtm

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

-Number of VELO tracks
gives measure of event
activity

Two RICH detectors:
-Pion identification

Muon System:
-Layers of absorber/tracking
-Muon hardware trigger
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RICH detectors
K/m/p separation
e(K—K) ~ 95 %,
mis-ID g(m—K) ~ 5 ¢

VELO Vertex Detector
reconstruct vertices
decay time resolution: 45 fs
IP resolution: 20 um

Dipole Magnet
bending power: 4 Tm

Tracking system: TT and 0‘ a Muon system

e ge " momentum resolution identificati ~97 %
Rapidity coverage: .. -os%10% Calorimeters (ECAL, HCAL)  2eTncalion stk-3k) ™ 57%

energy measurement mis-ID g(m->p) ~ 1-3 %
(5 Gev/c - 100 GeV/c)
2 X n N 5 e/y identification

AE/E =1 % @10 %/VE (GeV)

25



Farther future: Electron-lon Collider

(Polarized)
fon Source

¥(2S)
eA

Booster

/R

X(3872)
I:{eA

* e+p, e+A collider with CM
energies 20-100 GeV

* Low backgrounds well suited to
reconstruction of XYZ states
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Weakly bound

EIC Yellow Report:

2103.05419

In the kinematic range accessed by the EIC, hadronization inside
the nucleus becomes an important effect, Vitev 1912.10965

Tightly bound

1.2
e+'%0  e+%2Cu e+'Au
g o e R
0.8
0.6:— o °
0.4 °
- ® Compact X(3872)
02? ® Molecular X(3872)

v v b b b b b b b by by
00 20 40 60 80 100120140160180200220
Nuclear target A

Propagate molecular and
compact X(3872) through
Glauber nucleus, disrupt if
nucleon encountered.

Relative modification
shows clear discrimination
between models at EIC.



Separate prompt/non-prompt production

5 MeV/c?)

Candidates/(0

Simultaneous fit to invariant mass and pseudo proper time spectrum:

C T d [~ 7 L rt ]
14001 LHCb pp Vs =8 TeV ]

1200 i 3
1000

L VELO

- 60 = Ntracks < 80

:— P> 5GeV/c —:

%
(=4
=

(=)
(=4
=

N
(=4
=

3
(=4
(=

| B | 1

3700 37120
My r [MeV/c?]

3660 3680

0 L
3640

= =
2 2

Candidates/(0.02 ps)

—T—T—T——T—T—T—
LHCb pp Vs =8 TeV
—— Total fit

-~ Prompt signal

b-decay signal

....... Background

Fit to mass constrains S/B while
fit to t, constrains prompt fraction

~
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Effects of Binding Energy

|

(18)

) p+p

Y

Oy(zs
(0}

) p/3He+A
[

0\41(23
y(18)

|

DD " Molecule

state

Te

J/lb X0 Xel X2 w/ X(3 872)

mass [GeV]

2.98

3.872

3.10 | 3.42 | 3.51 | 3.56 | 3.69

AFE [GeV]

0.75

0.00007+

0051 0.00012

0.64 | 0.32 | 0.22 | 0.18

Satz, J. Phys. G 32 (3) 2006
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PRC 95 034904 (2017)

1.5 PHENIX \?NN =200 GeV

$He+Au

—
]
==

\VSpy = 5.02 TeV
{p+Pb, LHCb

JHEP 1603 (2016) 133

#p+Pb, ALICE
JHEP 1412 (2014) 073

L

2
4

20 30

(dN/dn), ../ (<S,>) (fm?)

PHENIX, Nature Physics 15 214 (2019)

9 10

S T T T o T
;600:— LHCb § \/ng.] 6 TeV, pPb B §8OO é LH
> E 1 o700
= 500 1=
=" - res) 600
Q400 HE e Background Ds00F
~ F ~
8300 r -_ Total 2400
2
=200F
= [
= E
Olo :

11
Mu*i) [GeV/e?]

—————
[5n=8.16 TeV

B r(ns)

....... Background

— Total

9 10

11
Mu+u) [GeV/e2]

—T

, Pbp _;




Deuteron production vs multiplicity

The deuteron is often considered a neutron+proton hadronic molecule

P o) 0.006 T T T T FTT1 | T T T T TTTT T T T T T TTT T T T TTT
K—:- [ ALICE i
a [ [#]p-Pb, {sy, =5.02 TeV i
= 0.005— VoA Muttiplicity Classes (Pb-side) -
o T [#]Pb-Pb, s, =2.76 TeV ]
Al B _ ]
0.004- (m]pp, Vs =7 TeV B
) - pp, Vs =13 TeV —
N VOM Multiplicity Classes ~__. _
0.003}— -
. e # A arXiv:2003.03184 .
0.002— Thermal-FIST CSM (PLB 785 (2018) 171-174) —]
i --T,, =155 MeV, V, =3 dV/dy .
0.001- —T,, =155 MeV, V, =dVidy B
C —Coalescence (PLB 792 (2019) 132-137) ]
0 | 1 11111 | | | | I I I | | | L1 1111 | 1 1 | | I_

1 10 10? < 10° |
chh / d77Iab In 1<0.5
lab
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2Na/(Ny + Np)

In contrast to X(3872)/y)(2S), the d/p
multiplicity dependence is well described
by coalescence models

0.0030 —1—"—""—FT—"—""—"—""7—"——""—"—"—"7—"—""—""71——————T1——

0.0025F T ] [ -
| | J
0.0020F T e
0.0015F . 1
arxX1v:2006.15044 |
0.0010F ]
E ® 7TV ]
0.0005 F W 13TV ]
o0000f, /o
0 5 10 15 20 2%
Nch



Upsilon comovers model

LHCb, JHEP 11 (2018) 194

o 2T T T T T T T T T T ] o 2T T T T T T T T T ]
20 —— Pb Pb 1 8o, .F e Pb Pb ]
Z - p /4 4 g - p /4 =
" SF LHCb g EPPSI6 ] R~ S LHCD - Epesis ;
1.6F I nCTEQ15 E 1.6F I nCTEQ15 =
14F [ ] EPSO9LO+comovers 14F [ ] EPSO9LO+comovers -
1.25 U7 nCTEQ15+comovers_: 1'25 ) nCTEQ15+comovers_:
1f 1f 3

0.8;— : 0.8;
0.6;— 0.6} -
04F P, <25 GeV/c E 04F P, <25 GeV/c -+— E
02F = 02F =
O:Iﬁ_181116.TleY1 i i oi o pmg i 54 Ozlvi_.811|6lT.eYl BT TEREY

-4 -2 0 2 4 -4 -2 0 2 4

y* y*
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