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Outline

* First measurement of photoproduction of exotic heavy quark states
* First measurement of X(3872) production in jets

* First results on exotic quarkonia in medium
* X(3872) in pp/pPb/PbPb at the LHC
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b hadron decays

» Reconstruct the decay BY - J/YpK™

Candidates/(1 MeV)
_ N
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b hadron decays

PRL 118. 022003 (2017), PRD 95 012002 (2017), PRL 127, 082001 (2021)

» Reconstruct the decay BY - J/YpK™
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.012002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001

b hadron decays

PRL 118. 022003 (2017), PRD 95 012002 (2017), PRL 127, 082001 (2021)

» Reconstruct the decay BY - J/YpK™
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products for intermediate states
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* Amplitude analysis requires four new
J /W@ resonances to describe data.

My, [MeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.012002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001

Central Exclusive Production/Ultra-Peripheral Collisions

* Photon-induced interactions on protons/nuclei can be studied with these events
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* Beam particles pass each other at ~few fm
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Central Exclusive Production/Ultra-Peripheral Collisions

* Photon-induced interactions on protons/nuclei can be studied with these events

\U E Photon+Nucleus Interaction Photon+Photon Interaction
(VAVAV, =
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* Beam particles pass each other at ~few fm

* Very similar to electron-ion interactions in
many respects

Electron lon Collider
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Central Exclusive Production/Ultra-Peripheral Collisions

* Detailed studies of conventional hadrons in CEP/UPC exist
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* There is increasing interest in the production of exotic hadrons in these events:
PRD94, 094024 (2016), PRC100, 024620 (2019), PLB 805135447 (2020), PLB 810 136249 (2021),
EPJC 81 710 (2021), PRD 104 114029 (2021), PRD 109 016007 (2024)
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https://arxiv.org/pdf/2107.03223
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094024
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.024620
https://www.sciencedirect.com/science/article/pii/S0370269320302513?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269321001891?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-021-09509-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.114029
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.016007

Central exclusive production (pp) of J /Y@

Events / (0.6 MeV )
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Select events with exactly four tracks: two muons, two kaons
Veto additional activity with forward/backward shower counters
Clear signals for ¢p(1020) and



https://arxiv.org/abs/2407.14301

Central exclusive production (pp) of J /Y

arXiv:2407.14301
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» Structures apparent in CEP data (exactly 4 tracks)
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https://arxiv.org/abs/2407.14301

Central exclusive production (pp) of J /Y

arXiv:2407.14301
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» Structures apparent in CEP data (exactly 4 tracks)
* Gone when looking at “sideband” of events with more activity
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https://arxiv.org/abs/2407.14301

Central exclusive production (pp) of J /Y@
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« Consistent with tetraquark candidates previously observed in B¥ — J /Y @dKE decays

Concept proven: CEP/UPCs provide totally new method to produce and study exotic hadrons
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003
https://arxiv.org/abs/2407.14301

J/Y in jets

e Charmonia provides a platform for testing
perturbative and non-perturbative QCD

e Charmoniain jets provides new way to
examine production mechanisms

z(J/w) = pr(J/w)/ pr(jet)
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J/Y in jets

e Charmonia provides a platform for testing
perturbative and non-perturbative QCD

e Charmoniain jets provides new way to
examine production mechanisms

z(J/w) = pr(J/w)/ pr(jet)
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0.1 -
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0 0.2 0.4 0.6 0.8 1
Non-prompt: well z(J1y)

described by PYTHIA
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J/Y in jets

e Charmonia provides a platform for testing
perturbative and non-perturbative QCD

e Charmoniain jets provides new way to
examine production mechanisms

z(J/w) = pr(J/w)/ pr(jet)

PRL 118, 192001 (2017)
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described by PYTHIA isolated than NRQCD prediction


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.192001

P(2S) in jets

* The same measurement can also be done with 1(2S) LHCb-PAPER-2024-021
* \Very I|ttIe feeddown, unlike J /Y
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b — P(2S) : well described by PYTHIA
Very similarto b — J /Y
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P(2S) in jets

* The same measurement can also be done with 1(25) LHCb-PAPER-2024-021
* \Very I|ttIe feeddown, unlike J /9
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Prompt: less isolated than NRQCD prediction
Two component structure: different
oroduction mechanisms?

b — P(2S) : well described by PYTHIA
Very similarto b — J /Y
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X(3872) in jets

LHCb-PAPER-2024-021
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b — X(3872) : well described by PYTHIA
Very similarto b — J /Y
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X(3872) in jets

LHCb-PAPER-2024-021
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b > X(3872) : well described by PYTHIA Prompt: Rises towards isolation, very

Very similar to b - J /1 different from conventional cc state Y (25)
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z)/dz

~

1/o do

Compare: prompt J /¢y , Y(2S), X(3872)
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Prompt J /Y. less
isolated than expected
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1/0 do(z)/dz
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Heavy QQ states in the QCD medium

Diffuse medium Increasing T, N

e Use (mostly) understood quarkonia states to as a calibrated probe of
non-perturbative effects in dense many-body hadronic systems.

~
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Heavy QQ states in the QCD medium

Diffuse medium Increasi

Dissociation via interactions
with comoving particles
Sensitive to binding energy
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Heavy QQ states in the QCD medium

Diffse mediom e DS
@ O )
QD v

"o

Q 6 Hydrodynamic flow induced

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

Sensitive to binding energy Sensitive to number of
constituent quarks ng,
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Heavy QQ states in the QCD medium

Diftse metium o D

d y 09%,.9.8
e ©9® g -
@ O @) 90

1 @ 1 )
00 .00
Hydrodynamic flow induced

. : essUr ont o
Dlsgoc1at10n via 1nter2}ct10ns by p 'e§s'u ¢ gradients Suppression via color
with comoving particles (initial state?) screening
Sensitive to binding energy Sensitive to number of Sensitive to binding energy

constituent quarks nc and medium temperature
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Heavy QQ states in the QCD medium

Diffuse medium

Increa

e © " o
m. e e ®® " 9.5

°1°

"o

Q 6 Hydrodynamic flow induced e

o “6'

Dissociation via interactions by pressure gradients :
i . ) . Suppression via color : :
with comoving particles (initial state?) PP screening P;Odl_l:tlofl \él.adc?oalescence
. .. iti . AT ensitive to pbinding ener;
Sensitive to binding energy Sensrflve to number of Sensitive to binding energy nd combosition ogf medfigl:/m
constituent quarks ne and medium temperature P
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Heavy QQ states in the QCD medium

Diffuse medium

! y
Q 6 Hydrodynamic flow induced e 6 0

Dissociation via interactions by pressure gradients L
: ) : . Suppression via color ' '
with comoving particles (initial state?) PP . Production via coalescence
Sensitive to number of Screcning Sensitive to binding energy

Sensitive to binding energy Sensitive to binding energy

constituent quarks ne, and medium temperature and composition of medium

Experimentally, we use different collision systems/kinematic regions to
prepare environments where these different competing effects dominate.
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Example: ¥ (25) suppression

J/P(1S) Y(2S)
E, ~ 600 MeV Ey, = 50 Me
o—><—‘ §)> ._x_.

& 103E < 103E
SOEpas) - 200GeV pru $F spasy  200GeV prau
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o 10° S 10°
S o
R AR 3 |
5 10F 5 10
5 | 8 f
1 E 1 E
: ' :
2 3 5 2 i
W mass (GeV/c) uu mass (GeV/c?)

Relatively low particle density Relatively high particle density




Example: ¥ (25) suppression

0.
J/P(1S) P(2S) Rp— L
= 2 T PIRC 105064912 (202|2)
g_ 1.2 <lyl <2.2, Inclusive PHENIX
- B y(2S), p+Au \5,=200 GeV @ J/y, p+Au |5 =200 GeV

| [_]w(28)EPPS16 (Shaoctal) [ ]y(2S) nCTEQI5 (Shao ctal.) |
[C] 3y EPPS16 (Shao et al.) ] J/y nCTEQ15 (Shao et al.)

15

ARXIV:2202.03863

*  Weakly bound y(25) state more suppressed than ]/ in nucleus-going direction
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Example: ¥ (25) suppression
J/P(1S) P(2S) Ron = Op4
E, = 600 MeV E, = 50 MeV; NeouXapy
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>~ N " ------- - -
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0.4
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02F ¢ Jiy (JHEP 07 (2018) 160)
' . O:IIII‘\\\\‘\\\\‘\\\\‘\IIlllllJHE\PQ’Z\(%\O\z\O\)%??
0 . 5 : 5 4 3 =2 4 0 1 2 3 4 5

ycms
y

*  Weakly bound y(25) state more suppressed than ]/ in nucleus-going direction
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Example: ¥ (25) suppression

J/P(1S) P(2S) Ron = Opa
Eb ~ 600 Me[/ Eb ~ 50 MeV; Ncollxo-pp
- 2 | PIRC 105 064912 (202|2) 8 18 .
< 1.2 <lyl <2.2, Inclusive PHENIX o b ALICE, Inclusive y(2S), Jiy — pu-
s 1.6 p-Pb =8.16 TeV, 12 GeV/
~ B y(2S), p+Au {5,=200 GeV @ Ty, prAu |50,=200 GeV Pt cac ICeEM fYT ; t IePRZ 97 (2018) 014909)
_ +| .Ma et al,
L5 [ ] w(2S)EPPS16 (Shaoetal) [ ]w(2S) nCTEQIS (Shao ctal.) | P O 1.4 : v(2s) Iy

Comovers (E. Ferreiro, PLB 749 (2015) 98)

1'2? n Sy v
n“nuun """""""""""""""""""""""""""""""

R R

041

' e e
0 e 02 ¢ Jiy (JHEP 07 (2018) 160)
O I . . I | | - ‘ L1l ‘ L1l ‘ 111l ‘ . | | | HEP07 (%020) 3|7

[C] 3y EPPS16 (Shao et al.) ] J/y nCTEQ15 (Shao et al.)

ARXIV:2202.03863

;) 0 . COMOVERS %48 2 4o 2 4 5

ycms

¥
*  Weakly bound y(25) state more suppressed than ]/ in nucleus-going direction
* Models require some final-state interaction to reproduce data
* Quark-gluon plasma not expected to be dominant effect in small collision systems
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Example: J/Y in AA - RHIC vs LHC

1.4
< :
<< - Inclusive J/y — p*w, Pb-Pb \s, = 2.76 TeV and Au-Au s = 0.2 TeV o fe . . .
m i B ALICE (PLB 734 (2014) 314), 2.5<y<4, 0<pT<8GeV/c global syst.= + 15% ]/'p mOdIflcatlon qUIte dlfferent between
1.2 [] PHENIX (PRC 84(2011) 054912), 1.2<ly|<2.2, p >0 GeV/c  global syst.= £ 9.2% RHIC and LHC
1 =
5 83 * Charm cross section at LHC ~10x cross
]| I .
- ] section at RHIC
0.6 - L @@E [ |
0.4
i i g o
i PLB|734 (2(|)l4) I | I | | .. P
00 50 100 150 200 250 300 350 400 D& '
N ..

®e
D __ Oa ©) °1
faa = NeonuXopp 0 @
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Example: J/Y in AA - RHIC vs LHC

<1471
oC. [ [Inelusive Jiy o i, Po-Pb Sy, =276 TeV * J/¥ modification quite different between
1.2 m ALICE, 2.5<y<4, p,<8 GeV/c global syst.= + 15% RHIC and LHC
[
05 _m@ ) e Charm cross section at LHC ~10x cross
. N | section at RHIC
0.6 S L
0af S e |+ Models which incorporate J /1 production
C N\ ™™ via charm coalescence describe data
0.2 ™2
i L oM | | | | | | .. .. @ O
0050 100 150 200 250 300 350 400 ° ""@ a ‘@
(N Cd o

0. @9
@ 5, - @ ! °1
RAA - Ncollxo-pp 0 e 0

~
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Application to exotics

« Using known states (charmonia), we have identified effects that are sensitive to
the state’s structure: binding energy/size

« We can apply similar techniques to study an unknown state: X(3872)

Compact Molecule

Diquark-diquark 0

PRD 71, 014028 (2005) D I’j 1L£) 5797002]049(’) 2@0(0240)08)

PLE 6624242009 T PRD 100 0115029(R) (2019)

a Hadrocharmonium/
adjoint charmonium
PLB 666 344 (2008) &

6 PLB 671 82 (2009) D

1% Los Alamos

NATIONAL LABORATORY



X(3872)/w(2S) vs multiplicity

PRL 126, 092001 (2021)

|~ °“FLHCb — T 1t " Promptcomponent:

L |8 o2 L pp Vs=8TeV + Prompt ] Increasing suppression of X(3872) production
|8 TF pp>5GeVie 1 relative to ¥ (2S) as multiplicity increases
~ | = -

/I\ ~ 0.1 — -

Q 1 - i .

@N § 0.08 :— | —:

Xz 0o — & 1 —

a7 (a2 - -

A 0.04 - _+_ T - /

1S | = \\1///.

S o : 3

50 100 150 200
VELO
Ntracks

\H

\
-
"
Ut

|
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X(3872)/y(2S)

PRL 126, 092001 (2021)

o4="1HCH ~ 0 " T Tt T T Prompt component:
C pp (s=8TeV +Prompt 4 b decays Increasing suppression of X(3872) production
0.12 — . SR T .
- p.>5GeVie relative to Y(2S) as multiplicity increases
0.1

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.
\ \ 1////.

!

0.08

t

0.06

BR(y (2S)— J/ yata)

0.04

0.02

029

Oy 3872) BR(x . ](3872)—> J/ Yt

i

o

é
-t

100 150

W —
S
e}
=
S
\
Q
\

VELO
Ntracks
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X(3872)/y(2S)

PRL 126, 092001 (2021)

Tl “MF LHCb ' T 74 Promptcomponent: |

[ [ pp Vs=8TeV + Prompt 4 b decays ] Increasing suppression of X(3872) production
3 => - Pr> > Gevle Comover Interaction Model, Esposito et al. - relative to IP(ZS) as mult1p11c1ty INCreases

S 0l 43 Molecule ]

Ll - i Ml geometricy 3 b-decay component:

% @ 008 — Totally different behavior: no significant change
&1 n —H— 1 . : . .
|3 006 E- —— 4 mrelative production, as expected for decays in
S " —td 5 vacuum. Ratio is set by b decay branching
A 0.04 |- | - ratios. _

5|z = —— 1 Calculations from EPJ C 81, 669 (2021)
= = 0021 —

s [ - 1 Break-up cross section:

0
0

A T RS T R Ethr n
50 100 150 200 eo Q
NVELO (vo)g = Ugé < (1 T E, ) >

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

~
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X(3872)/y(2S)

PRL 126, 092001 (2021)

Cl- *#F LHCO '« a2 Prompt component:
[ T pp 5=8TeV S5 +Prompt b decays ] Increasing suppression of X(3872) production
X (= o Py 2BV Comover Interaction Model, Esposito et al. - relative to IP(ZS) as multiplicity increases
S 0.1— <  Molecule { Molecule —] .

% 0 = it (coalescence) gggg(geometric) . b'decay Component.
% @ 008 — Totally different behavior: no significant change
S i 1 oRw . .

R —— 4 mrelative production, as expected for decays in
S % - —td 5 vacuum. Ratio is set by b decay branching
=] 0.04 - — ratios. _

5|3 = —— | 1 Calculations from EPJ C 81, 669 (2021)
| = 002} —
s [ - 1 Break-up cross section:

0
0

L Ethr n
50 100 150 200 eo Q
NVELO (vo)g = Ugé < (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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X(3872)/y(2S)

PRL 126, 092001 (2021)

Tl "MF LHCb ' T T 4 Promptcomponent:
+lk C pp 5=8TeV e —+Prompt -4 b decays ] Increasing suppression of X(3872) production
S k012 — g supp p
I 12 F S GeVied . . e
gl 1S . Py>3 GeVICEET | over Interaction Model, Esposito f al. . relative to Y(2S) as multiplicity increases
0 S 0.1— o+ 25 Molecule Compact sgggg Molecule —] b d .
~ /’L = i (coalescence) tetraquark ¥ (geometric) o -accay 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
& (M - 5 y y g
=] 0.04 - — ratios. .
5|3 = —— | 1 Calculations from EPJ C 81, 669 (2021)
| > 002 — B
s [ - 4 Break-up cross section:

0 ,

0

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

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

Coalescence of D mesons into Compact tetraquark of size 1.3 fm
molecular X(3872) increases ratio  gradually dissociated as multiplicity
increases — consistent with data

~
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Comover model: constituent interaction

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

012

0.10k | Breakup cross section approximated as sum
' ] of cross section for molecule constituents:

o

o

G0
e

oinel [TL'X] ~ % (o‘[ﬂ'DO] + o‘[]‘[l_)o] + O'[ﬂD*o] — 0'[7[[_)*0])

IhaE )

Br o[X] / Br o[y]
o
>

: : DY Data 1s consistent with this
0.02¢ '; @ = molecular interpretation.
0.00L

20 40 60 80
AN/dy, Nipacke/2.2 /.,

1% Los Alamos




Comover model: constituent interaction

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

012

0.10k | Breakup cross section approximated as sum
' ] of cross section for molecule constituents:

o

o

G0
e

oinel [TL'X] ~ % (o‘[ﬂ'DO] + o‘[]‘[l_)o] + O'[ﬂD*o] — 0'[7[[_)*0])

IhaE )

Br o[X] / Br o[y]
o
>

: : DY Data 1s consistent with this
0.02¢ '; @ = molecular interpretation.
0.00L

20 40 60 80
AN/dy, Nipacke/2.2 /.,
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X(3872) in pPb

PRL 132 242301 (2024)

25000 LHCb & is=8Tev, 25"
—— Total fit —— Background
ves)  llx. 8

20000

D° D “Molecule

Y
X

small binding energy
large radius, ~5 fm

15000

Candidates/(1 MeV/c?)

10000

5000

450
400
350
300
250
200
150
100

50

|||||||| IIII|IIII]IIII|II\I|II

YLuJIIIlIIIIlIIII|IIII|IIII|IIII TTTT ||I|I|||||||\||||I|||

Candidates/(4 MeV/c?)

111 IIII|IIII|IIII|I[II|IIII|IIII|IIII |

g : A

450
400
350
300
250
200
150
100

50

Candidates/(4 MeV/c?)

$ Pbp sy =8.16 TeV, 19.3 nb™

T, ||||||||||||||||||||||||||IIII|||I|IIII|H¢J|

e ilog

9 A, . A
3700 3800
M PAZ

3 9I00
[MeV/c?]

Compact tetraquark

Tightly bound via color
exchange between diquarks
Small radius, ~1 fm

~
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.242301

X(3872) in pPb

PRL 132 242301 (2024)

Losoo LHCb  pp 5=8TeV,2 b~ _
2 ok ! ol i i Buckgomd & [T | | | CMms Comparison between X(3872) and
s F T oma T Rackground 3 4 > 15 GeV/e ] p
_3;315000 - w(2S) . (3872) — \§ +§ Pr ‘ l/)(ZS) Suggests Someth"_"g
2 oo e 1B different may be happening to
° YRS LHCb 7 exotic vs conventional hadrons in
5000 = 3 g o f ] ]
I a : agg p.>5GeV/c 1  medium
S A0E 4 3R ]
= b ! Qix | Initial state effects (eg shadowing)
£ we e Eﬂ should largely cancel in ratio
3 3 3 Xlo
g 200;; _é o}
1333: ¢ pPb |55y =8.16 TeV, 125 nb™" E » Enhancing effects start to out
0 —b> A 10 3 1 compete breakup?

~§ :gg: : [ Jmas | L5t j-59<ns | bl<09 * arXiv:2302.03828
S ss0F = pp pPb Pbp PbPb
$ 00 E
L 250 5
3 on § Php (=816 TeV, 19.3 2" E Prompt X(3872)/ y(2S) = 0.26 £ 0.08 £+ 0.05 in forward pPb
C g ) R E Prompt X(3872)/ (2S) = 0.23 £ 0.15 £ 0.10 in backward pPb

E C 3

T = A . S Falls between pp (~0.1) and PbPb (~1.0)

M

newe MVE] - AMBIGUITY between X(3872) enhancement and y(2S) suppression
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.242301

X(3872) in pPb

PRL 132 242301 (2024) .. . . «1(3872
Ambiguity lifted by measuring X (37 _ gk P
i 6_ T T T T T T T T T T ] n I r m d.f. t. n f t r . pA 208 x a'XCl(3872)
5:_ —4— 1 (3872) > J/ y/mr_:
-] —#— y(2S) > pu
4:_ p,>5GeV/c
3:_ 7'y ]
2F .
1_::_ _______________
o= —E—
0_ ] . | | . | | . | | L]
-5 0 5

First measurement ever of nuclear
modification factor of a tetraquark

~
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.242301

PRL 132 242301 (2024)

o 6
<
R

I I I I | T

T T I i
LHCb pPb |5y = 8.16

TeV

—4— 7 (3872) > S ym'n
—4— y(2S) > pu
p,>5 GeV/e

of

First measurement ever of nuclear
modification factor of a tetraquark!
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X(3872) in pPb

Xc1(3872)

Ambiguity lifted by measuring a7 _ oA

o e . A .
nuclear modification factors: 8 208 x o5t ¥

Evidence for enhancement of X(3872) in pPb:
Coalescence dominating over breakup?

Similar mechanism for
baryon enhancement could
also increase tetraquark
production

Quark yield

LI T || |I| LI T ||\ I‘l T T T |

1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |

|
—
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.242301

+
TCC

Nature Communications, 13, 3351 (2022)

g 70 I i — A—— -
= b ~LHOD o + i1 New state consistent with ccud tetraquark recently found:
= r 9~ 24 1]
2 sor ] i o :
g F + £ t t*\ . i Similar to X(3872), mass quite close to DD threshold
o S R VL Big difference: contains cc or ¢¢, rather than ¢

30; i E' gfngoD?”+ - MpODOmt >[G<‘,V/r’2]{

jz f % + W j::‘::}:zij+ 1y ﬁ j% | H +:

o AR T T T

L L L L L L L L L | L L L L ]
387 3.88 S 3.89 [GC\'/ngg
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+
TCC

Nature Communications, 13, 3351 (2022)

& O 1 ]
RS o | a0 3 . . — 3
= el - LHCb 235 1] New state consistent with ccud tetraquark recently found:
§ g 9fb~! = + ]
= 500 s i ER .. )
T F i i M EE Similar to X(3872), mass quite close to DD threshold
o S R VL Big difference: contains cc or ¢¢, rather than ¢
30— i 3 1% popont - Mpopos+ >[G(‘,V/r’2];
E - ng;ll(lground E ) 100: LI B B B B T T T S
20 ﬁ e | y S Y
: ] 80 - ' =
10 %’ + + +H + + + +i E ° IT)E’%?';? [D)fon < 3.87GeV/2 g
Oi.tt, A0 %ﬁﬁ 4 # +++HH +t + ﬂ’ ﬁ H Hﬂ ﬁ Zzg ¢ D°DP 3.75 < mpopo < 3.87 GeV/c? é
E o ] F E
387 3.88 3.89 39 500 =
MO0t [GCV/ & } 40 = + 4 E
;;4}—>D ¢ :
Compare T}, multiplicity dependence 30; , EJF E
with: 2°%+ E
DD distribution, dominated by SPS 1o | | | | E

[e)
Q T

DD distribution, dominated by DPS

100 200 300 400 500
]Vt racks
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+
TCC

Nature Communications, 13, 3351 (2022)

e 707 T T L— T T T ]
o F 1 L4 Ef . . — 3
= ek . LHOb &= i1 New state consistent with ccud tetraquark recently found:
S F I R
2 s Sn ﬂ 1] . .
T F i WNRE Similar to X(3872), mass quite close to DD threshold
o S R VL Big difference: contains cc or ¢¢, rather than ¢
30 ;7 } IEI %i%lﬁi?jn+ oot [G("V/{)Q] é ;: 100 = LI B B B B T T LA L B BN R B B
R | [ D+DO threshold = = onE LHCbH 3 JHEP 01 (2022) 106
20: ++ ————— D*°D* threshold + + . ks 905 9ﬂ)71 E o 6 10_‘3 T T T sy
c ] 80E- .\, DODOt = o [ Thermal-FISTCSM, T, = 155 MeV 1
() TLIEIE RS R O I e
O}ttjj, ] Qﬁ } I + + % % % 60i ¢ 3.75 < mpopo < 3.87 GeV/c E . F— Cg;escen{:e E
L ) , | . ) . | | ) | . L4 C - E =
3.87 3.88 3.89 3.9 50 = a =
DO+ [GeV/?] 40F- + + } 3 ° E [®]Pb-Pb, {5,y = 2.76 TeV
E ' 3 - -Pb, (s =5TeV ]
+ . 30E—o———oat = 25 %zp F@Tev ° ]
Compare T ;. multiplicity dependence LY E i 100, (5= 13 TeV E
with: 20% E . [®lpp, [s=13TeV,HM ]
= .. . . 106 T = 0 ol — e
DD distribution, dominated by SPS g | | | | ] 1 10 102 10°
. . . . 0 1 1 L 1 L 1 1 L 1 1 L 1 1 N
DD distribution, dominated by DPS 0 100 200 300 400 500 (N 9.2 kos
Y

]Vtrz\('ks
Yield favors higher multiplicity collisions, reminiscent of deuteron.
Evidence for hadronic molecule structure?
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Nature Communlcatlons 13 3351 (2022)

T .
= F LHCH T E
£ 60 ot 2% | g
?3 50:_ + %20’ Jf * E
= I Ui
5% 40;_ (5);—# ) + g é
C | +  Data 3.874 3876 B

30; i E g;é1355(2n+ mpoport  [GeV/c? ]{

C Total ]

20 ﬁ g Py
o M bth s
W s }H ﬁ # i1 + WH Hﬂ i
3.5;7 " 3.88 3.89 | ?:
MO0t [GeV/ (’2}

Compare T}, multiplicity dependence
with:

DD distribution, dominated by SPS
DD distribution, dominated by DPS

—_
[
(=)

w\Hfll\H[HII‘HH[I]H‘HH

Yield
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+
TCC

New state consistent with cctid tetraquark recently found:

Similar to X(3872), mass quite close to DD threshold
Big difference: contains cc or cc, rather than cc

%,,.

il

!IIWHH'\H

LA B B B

LI B

e Ti— D°DOnt
O D°D° Mmpomo < 3.87 GeV/(-2

¢ D°DC 3.75 < mpopo < 3.87 GeV/c?

[ T T T T
LHCb
9fht

-

—0

‘0

I

P I S N N

HIJ‘HHlHH 1 IJ‘\ HIIH\‘HII‘HH\I]H‘\HI

]

HUGE enhancement expected in PbPb due to
coalescence: PRD 104 1111502 (2021)
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100
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300 400
]Vt racks

500

d/p

107

T

Thermal-FIST CSM, T, = 155 MeV

T

V,=3dVidy

— V,=dV/dy
—— Coalescence

JHEP 01 (2022) 106

T

ALICE

[@]Pb-Pb, {s,, =276 TeV
[®@]p-Pb, |5, =5TeV
[@]pp, Vs =7 TeV

® pp, (s =13 TeV
[®]pp, (s =13 TeV, HM
il Ll L

NI AT NS T P S

10°
(dN /dm )

102

ch lab’ I, [<0.5

Yield favors higher multiplicity collisions, reminiscent of deuteron.
Evidence for hadronic molecule structure?



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L111502

What can EIC tell us about exotics

In the kinematic range accessed by the EIC,
hadronization inside the nucleus becomes an
important effect on observables

A
65(6‘( S

= (=)

! Ff- Vitev, 1912.10965

v

Weakly bound

iR

e At EIC, use nucleus as a filter to select tightly
versus weakly bound states

Tightly bound

{Polarized)
lon Source
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Probing a similar energy range at LHCb

/}_ ey
2 Wi

SMOG?2: gas storage cell in

2024 SMOG?2 dat

. ; N P . N S LHCb-FIGURE-2025-013
ront O LHC SpeCtrometer % 75_ LHCb Preliminary +Da|a _E % 3 —_ LHCb Preliminary ¥ +Data _:
S F pHy (R =709Gev — Total fit 1 S [ pD,f5n=709Gev —Total fit 3
. g 6 E_ L E g 25 F D K Background 3
Operates during pp and heavy P F: Sigal
ion collisions at LHC g i
o S F

1800 1850 1900 0 1800 1850 1900

* New SMOG?2 data can have a significant ) (Ve (<) [Mevic)

w
S
T

x10°

N | ——— —T 3 & S L
. . . . . \Q 900 - - é 80 F o E
impact on hadronization inside the nucleus ~ 27F werm toa 3 g b e o

S 800 - pHe, fsyy = 70.9 GeV — Total it S OF  pAn 5. =709GeV — Total fit E
* * wn = 0 e ¥ wn 0 B
ln years leadlng to EIC 9‘700 3 el S Background E/ 60 DK Background

g 600 ;_ \ — Signal _; g 50 : — Signal _E

S s00 - p H e \ 33 3

E: | 1%

F400 \ 3438

[

« A similar fixed target capability at the EIC [

could provide: R \ -

« 18 GeV e + gas collisions s T T
* /Syn ~15 GeV beam+gas collisions
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Summary

« Multiple new observables related to the production and properties of exotic
hadrons are under investigation at LHCb (and elsewhere)

» Detailed measurements of medium effects on conventional charmonia is being
accumulated. We can flip this around and use the medium to probe poorly
understood exotic hadrons

« Utilizing hadronization inside the nucleus at the EIC gives us a new way to
probe the structure of exotic hadrons

Los Alamos is supported by the Dept. of Energy/Office of Science/Nuclear Physics
and Dept. of Energy Early Career Awards program
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RdA
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0.5

AL/D°

Charm baryon enhancement at LHC relative
to e*te~— can be explained by coalescence

-

Coalescence in small systems (?)

d+Au |5 = 200 GeV |
T4+t +
K+K*
P+p

n°® .
o T

- PRC 88 024906 (2013) +

|

¢ O m »

L A B RS LR A

I 0-20%

Hilt

¥

1

| P P

s L

5 .

2 3 4
P; (GeV/e)

Baryon enhancement at RHIC — can be explained

by quark coalescence: PRL 93, 082302 (2004)

T T T
1~ ALICE
—e— pp, /s =5.02 TeV
= PYTHIA 8 (Monash)
-------- PYTHIA 8 (CR Mode 2)
HERWIG 7
[ catania, fragm.+coal.
M. He and R. Rapp:
——— SH model + PDG
SH model + RQM

L L
pT(GeV/c)
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5
GN 1 F T T T T T T T T T T T T T
] 09:LHCb pp s=13TeV
S F t ppoBBHX 5.4 !
0'8:— e'e—7'—BB E
0.7F o e V(55)—BB E
0.6F E
0.5F & ]
04F <$> ]
0 3:_ | $ 4 ‘m> | -
| Byt
0.2FL 1Y 1
OIF 2) 0<p <6GeVie E
) S I B
0 2 4 6
NVELO / <NVI£LO>

tracks

from coalescence?

tracks ~ NoBias

BS/ po enhancement at high mult — expected

Quark yield



https://inspirehep.net/literature?sort=mostrecent&size=250&page=1&q=1304.3410&ui-citation-summary=true
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302

LHCDb upgrades — directly improving the HI physics program

61mm

Cut-out
~108x230mm

4
/.,m

g

gy

f

| W

, '
(N

Station F1
z=20.0m

\\’7 N w“f

Station B1

z=-19.7m Station BO
z=-7.5m

Station F2
z=114.0m

Herschel detector: used to characterized CEP/UPC events
by measuring far forward/backward activity. Rad damage

and removed after Run 2. Magnet Station: tracks very soft particles
that terminate in dipole.

Large Area Scintillator Array for UPCs (LASARUS):

Resurrect this capability at LHCb. Especially useful for UPC and complex
hadronic decay channels of exotics
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https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04017

Conventional charmonia

3 ||||| 1 1 lllIIII 1 I LA 1 I |l||||| ) W(4S)
=. | —@— ALICE (total unc.) ] b e
=, 4| [ Auceexrunc. S 4400 - -
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pQCD describes charm production across
wide range of collisions energies

Rich structure of bound quarkonia states
accessible experimentally and theoretically
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X(3872) /w(2S) in pPb

kn 28)1 r n pA collisions: .
We know 1h(25) is suppressed in pA collisions 2017 PREDICTION: X(3872) enhanced in pA
m 2T I T | Nuclear effects on tetraquark production by double parton scattering
QZ: EEERES \“%:200 Ge'  LHEbpHED \“‘%:5 ey FHENEX F. Carvalho (Diadema, Sao Paulo Fed. U.), F.S. Navarra (Sao Paulo U.)
y(2S)@p+Au Vd+Au My (2S) [y 2017
Jy  Op+Au VVd+Au  ALICE p+Pb \3@:5 TeV
1.5 ’ — 8 pages

Avy(2s) Al

Part of Proceedings, 12th Conference on Quark Confinement and the Hadron Spectrum (Confinement XII) :
Thessaloniki, Greece

Published in: EPJ Web Conf. 137 (2017) 06004

Contribution to: Confinement XII

Published: 2017

DOI: 10.1051/epjconf/201713706004

- 4
I TR B 2o .

Abstract. In this work we study the nuclear effects in exotic meson production. We esti-
mate the total cross section as a function of the energy for pPb scattering using a version
of the color evaporation model (CEM) adapted to Double Parton Scattering (DPS). We
fond that the cross section grows significantly with the atomic number, indicating that the

hypothesis of tetraquark states can be tested in pA collisions at LHC.

ARX1V:2202.03863 ; PRL 111, 202301

JHEP 02 (2021), 002 ; JHEP 03 (2016), 113

Enhanced DPS has since been observed in pPb:
PRL 125 212001 (2020)

Both of these effects drive X(3872)/y(2S) ratio upwards
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.212001
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Quarkonia in the QCD medium
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X(3872) in PbPb

PLB 797 (2019) 134836

_— —
. 4
> 10 X(3872)
e " VS =5 TeV
o 10 Centr. 0-20 %
g Pb-Pb
©
- 1 O"5 |:| Kr-Kr
Z BR(X(3872) — Jiyr'n-) = 0.1
©
X 107
x
M

-
S
(=]

Statistical hadronization model
dsz{,’ / dy x shad. = 0.532 + 0.096 mb

0 5

0

P, (GeV)

SHMC model:
Significant increase in X(3872) predicted
for central AA collisions

Yield reaches up to ~1% of J /i yield
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N(X3872)/Neyent

EPJA 57 122 (2021)

PRL 126 012301 (2021)

107'EF 1 1 §E 4
F Pb-Pb @ 2.76 TeV |] Tetraquark Edinit  *
1072 — X-3872Molecular col’\ 3 mg: $dissij| igm:x quina[ :
ez Tetraquark | 9 diss™
10—3 §_ | _g =o
E E O 2L 4
| ez LT % P .
107 < > .
F E o
: : } 1 . ]
| -
-c o L]
o A IR S R A 0
1075 20 20 30 80 150 0 100 200 300 400
Npart

Centrality (%)

AMPT model:
difference in molecule vs diquark-diquark
coalescence gives dramatically different yields

and centrality dependence:
Nmolecule > Ntetraquark

Transport calculation:
molecules have larger reaction rate,
formed later in fireball evolution

Ntetraquark > Nmolecule



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.012301
https://link.springer.com/article/10.1140/epja/s10050-021-00435-6
https://www.sciencedirect.com/science/article/pii/S0370269319305507

X(3872) production in pp

JHEPOI (2022) 131
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L wob 12%,<14Gevie " LHCb E
E C S0 e Tt * NRQCD calculation matches high-pr . FONLL describes non-promot
S 1 (3872 data well (tuned to ATLAS/CMYS) . prOtp
s £ sy 4 : . X(3872) production well
. W * Overpredicts yield at lower pr
o g ] . 3
5 i * Room for additional effect
2 200k -
C I oo &
©) B 4
ol L L Examine X(3872)/ (ZS} ratio for direct comparison between
My MeV/C?] exotic hadron and well-known conventional charmonium
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https://link.springer.com/article/10.1007/JHEP01(2022)131

X((3872)/w(2S) in PbPb

PRL 128 032001 (2022) 1.7 nb™ (PbPb 5.02 TeV) i 1.7 nb™ (PbPb 5.02 TeV)
- : F cMms
«~200F CMS inclusive X(3872) 16F prompt
Q n v(29) + & 1., E B PbPb (5.02 TeV)
% - S 14 Iyl < 1.6, 0-90%
E 150__ + ++ + - + 1 T 1-2:_
0 :+ + + + N : o
<100 e + + <= f
o F 't 2,, 0.8F W pp (7 TeV)
2 - , & o6k Iyl < 1.2 (CMS)
= 50:— 15<p_<50 GeVic Oya7z) = 4-7 MeVic & r W pp(8TeV)
W F lyl<16 Cent. 0-90% % 0.4 <075 (ATLAS)
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My (GeV/c?)

P, (GeVlc)
Prompt X(3872)/ ¥(2S)=1.10+ 0.51 £ 0.53 in PbPb at 5 TeV
Prompt X(3872)/ ¥(2S) = 0.1 in pp at 8 TeV

Coalescence dominates over breakup?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.032001

X(3872) measurement at LHCb

Reconstruct the u*u~ ™ final state from the decays: PRL 126, 092001 (2021)
C\/]\ :_ 1 1 1 I ] 1 | ] 1 I 1 1 1 1 I 1 I_:
X(3872) - J/Y(» putu)p(— ntm) § 10000 : ; LHCb pp Vs =38 TeV.p > 5GeV/e E
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Y2S) > J/Yp(->ptu)n'w = 8000 - 2 s H+ ‘ =
C H S sumfe fir { . 3
7000 <) +* ﬂﬂw T
= E 3200 = + =
3 om0 S . Hwﬂ# i ++ﬁ+ﬁ++++++ ff =
R - H Wﬁw it _; E
Direct comparison between conventional charmonium 2= >000 3 o e = o E
P(2S) and exotic X(3872) via ratio of cross sections: S 4000 - X Mjywea- [1:46V/ ¢ =
U 3000 E_ : 1 o ‘Wv"wﬁm‘www'mﬂfk %W."ﬁo’n”v"”’“w‘*"w‘%lf
— = RS IOU ) 3
O xc1(3872) B[Xcl (3872) — J/Q/} Tt ] 2000 = a0 ’ X(3872) =
X E‘..../.«M' ot 1/) (2 S ) 3
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Select collisions of various charged particle multiplicity M, wrtn [MeV/c?]

to vary density of comoving medium
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Filtering States with the Nucleus

* Quarkonia is subject to breakup as it crosses the nucleus — suppression due to
disruption of the QQ pair

NAS50, EPJC 48 329 (2006)

g 0
E866, PRL 84 (2000) 3256-3260 E S
o A : - J/P
g !
<4 «
09 | E R % = o= $
E% 55' 0.09 %—
® Uiy -L D§3 008 3
oer av = - = N Y(25)
E866/NuSea % E o N o 0
07} 1 2l o ,
800 GeV p+ A-> J/\U —  Glauber model 0.05
Error on Glauber model
0.6 1 L 1 1 1 e a paramgtrizalion )

0.0 0.2 0.4 0.6 0.8 1.0 3 " o2 004

X Target mass number

F

» Larger (weakly bound) states sample a larger volume of the nucleus while passing through — larger absorption
Cross Section Arleo, Gossiaux, Gousset, Aichelin PRC 61 (2000) 054906

* Explains trends observed in fixed target data at FNAL, SPS
* As expected, fails at RHIC (hadronization occurs outside nucleus) PHENIXPRL 111202301 (2013)
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Filtering States with the Nucleus — X(3872)

Apply the same idea to exotic state X(3872):

The well-known conventional ¥ (25) and exotic X(3872)

are both accessible through ntm~ decays:
Weakly bound ghJ /¥ y

CT 10000 :_ . | T T T | T T T T | _:
% L = ’ LHCbpp \s =8 TeV, p, >5GeV/c 3
\» > 9000 - ' T s - — =
[} = > 3
= 8000 F- 2 oF | 1 3
- bt % 3400 = il - -
. = 7000 g L E
Weakly bound hadronic molecule has large 2 = 3 " Hif b 11 3
radius, samples large volume of nucleus g 00F © wof: it * IALAIE I
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- S 2000 M, n MeVic?] E
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°e _@\ 2000 = e~ X(3872)
caai Y(2S) =
1000 —_ 1 1 1 I 1 1 L 1 I 1 1 L 1 I 1 _—

- _ 3700 3800 3900
Tightly bound compact tetraquark has small radius, )
. M, . [MeV/c?]

could more easily escape nucleus unscathed Yy
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Relative modification of X(3872)/ y(2S) at EIC

53 1?"_???_‘_‘?? .............. O S Roa 2 _ oty [9&
N ° * p¥@S) T Y [
< <5 0.8:— eA UeA O-ep
0.6 ® ® * Little difference in suppression between
0.4:— o model of compact X(3872) and ¥ (25), as
. ® Compact X(3872) expected.
0.2~ ® Molecular X(3872) .
- 1 1 1 1 1 1 1 1 1 * Large difference between model of
% 20 40 60 80 100 120 140 160 180 200 220 molecular X(3872) and ¥(25).
Nuclear target A

* What uncertainties do we expect on this data from EIC?
* Need to know X(3872) production rate in EIC collisions

* Current data is from:

B factories (via decays, not so relevant for prompt production)
* Tevatron and LHC (~TeV to ~10 TeV)

1% Los Alamos

NATIONAL LABORATORY



-

I/

state Me | J/V| X0 | Xe1 | Xe2 | ¥

mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69

AFE [GeV] [0.75] 0.64 | 0.32 | 0.22 | 0.18 | 0.05

Table 1: Charmonium states and binding energies

Satz hep-ph/0512217

state T Xeo | Xer | Xe2 ¥ X0 Xb1 X2 i
mass [COV] 046 | 9.86 | 9.89 (991 | 10.02 | 10.23 | 10.26 | 10.27 | 10.36
AFE [Ce\"’] 1.10 1 0.70 | 067 | 064 | 053 | 0.34 | 0.30 | 0.29 | 0.20
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Table 2: Bottomonium states and binding energies




