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Outline

Hadronization: the bridge between QCD and observable particles
- In-medium modifications of the hadronization process

New measurements from LHCb sensitive to hadronization mechanisms
- Strangeness enhancement in B mesons
- A, Baryon enhancement in small systems

Exotic multiquark states in-medium
— X(3872) in pp and pPb

Future upgrades
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» Hadronization: the bridge between QCD and observable particles
- In-medium modifications of the hadronization process

NS
qu Los Alamos Matt Durham - Heavy Flavor Seminar

NATIONAL LABORATORY



Heavy Quark Production

Opasn+x € f1(x1, Q%) @ fo(xz, Q%) ®G(Q%, x1, x3) @Dy (2)
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Heavy Quark Production

[onnnx]x fi(x1,0®) ® fo(x2, 0?) &6(Q% %1, %5)| @D (2)

* Number of heavy quarks is essentially
e Parton-parton cross sections: calculable by pQCD fixed in early stages of collisions
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Heavy Quark Production
°< 1(x1,0%) ® f>(x,
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Hadron cross sections: measured at experiments
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Parton-parton cross sections: calculable by pQCD nNNPDF3.0 (no LHCb D) A
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* Parton distribution functions: constrained by data '
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Heavy Quark Production

[oaacmsx] o |11, 0% ® £5(xz, QOIQB Q2 x1, %)@ (&)

ete”™ > 7 - qq event

Hadron cross sections: measured at experiments

Parton-parton cross sections: calculable by pQCD

Parton distribution functions: constrained by data

Fragmentation functions: constrained by e*e~data
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Fragmentation in vacuum

* The defining feature of QCD is confinement: quarks and gluons can never be observed as isolated particles
* Instead, they are found only as constituents of color-neutral hadrons

ete”™ - Z - qq event

V(()CE)(r) =3 TS + br
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Fragmentation in vacuum

* The defining feature of QCD is confinement: quarks and gluons can never be observed as isolated particles
* Instead, they are found only as constituents of color-neutral hadrons

ete” - Z - qq event

V(()Cé)(r) =3 + br

4—0—»

Potential between quarks increases until it is
energetically favorable to neutralize color charge by
creating more quarks out of vacuum: fragmentation

QD ao

N
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" Hadronization is the bridge between
observable particles and underlying QCD




Fragmentation in vacuum

* The defining feature of QCD is confinement: quarks and gluons can never be observed as isolated particles
* Instead, they are found only as constituents of color-neutral hadrons

ete™ - Y(55) - bb event ete” > 7 - qq event
’ bfactories:
ete” - Y(5S) - bb

B +0.05
S/BO =0.26 g,

LEP ~
ete” > Z - bb

Ps/ 0 = 0.25 4 0.02

Assumption: hadronization is universal and factorizable from rest of collision

N
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Hadronization following deconfinement

In a deconfined plasma, strange quark

production is dramatically enhanced
e T,= 190 MeV = 2mg strange quark pairs can be

produced through fusion of thermalized gluons
ALICE, PLB 734, 409 (2014)
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Hadronization following deconfinement

In a deconfined plasma, strange quark

production is dramatically enhanced
e T,= 190 MeV = 2mg strange quark pairs can be

Proton/pion ratio dramatically varies between
central A+A, p+p, and e+e- collisions

produced through fusion of thermalized gluons o antiproton/pion
o o ALICE, PLB 734, 409 (2014) E n o m Au+Au 0-10% __
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Dramatic changes in hadron chemistry between collision systems
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From vacuum to the QCD medium — quark coalescence

Vacuum (ete™) Diffuse medium (pp,pA) Inéroasim SN

Event display m ALICE
/,‘s’ ﬁg/f §%' %

5.44 TeV 5.02 TeV

‘@ Los Alamos Matt Durham - Heavy Flavor Seminar K

NATIONAL LABORATORY



From vacuum to the QCD medium — quark coalescence

Vacuum (ete™) Diffuse medium (pp,pA) Inéroasim SN

Event display m ALICE
/,‘s’ ﬁg/f §%' %

5.44 TeV 5.02 TeV
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From vacuum to the QCD medium — quark coalescence

Vacuum (ete™) Diffuse medium (pp,pA)

Increasing T, Ngpa

5.44 TeV 5.02 TeV
Quarks that overlap in position/velocity space can
coalesce to make color neutral hadrons
At high density, expect increased production of
hadrons with strange quarks and enhanced
production of 3-quark baryons
Expect pure fragmentation at low density
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Outline

* New measurements from LHCDb sensitive to hadronization mechanisms
- Strangeness enhancement in B mesons
- A, baryon enhancement in small systems
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JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30, 1530022 (2015)

The LHCb detector

Unique forward rapidity coverage at the Large Hadron Collider in p+p, p+A, A+A, fixed target collisions
RICH detectors — Muon system
| ~....Widentification e(u->u

Vertex Detector
reconstruct vertices Dipole Magnet
decay time resolution: 45 fs bending power: 4 Tm

IP resolution: 20 um

Tracking system: TT an
momentum resolution .
Ap/p = 0.5%1.0% : Calorimeters (ECAL, HCAL)
energy measurement
e/y identification

Acceptance:
(5 GeV/c — 100 GeV/c)
AE/E = 1 % @10 %/VE (GeV)

10 mrad <6 < 300 mrad
2 <y<$5
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JINST 3 (2008) S08005

T h e L H C b d ete Cto r Int. J. Mod. Phys. A 30, 1530022 (2015)

Event display of B9 —» p*p~ candidate

nt 1179897868 bld 140
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Modification of b hadronization — strange B mesons

» Large mass of b quarks — low b velocity; potential for substantial overlap with other quarks
« coalescence should lead to enhanced B yields

PRL 131 061901 (2023)
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Modification of b hadronization — strange B mesons

» Large mass of b quarks — low b velocity; potential for substantial overlap with other quarks
« coalescence should lead to enhanced B yields

PRL 131 061901 (2023)
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Modification of b hadronization — strange B mesons

i B
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tracks ©
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multiplicity,
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forward tracks
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Modification of b hadronization — strange B mesons

B

PRL 131 061901 (2023)
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* Enhancement depends on local particle density around B mesons
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Modification of b hadronization

PRL 131 061901 (2023)
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* Evidence for an increase of BY /B at low py
* Low multiplicity data consistent with fragmentation in vacuum measured in e*e™ collisions
* Higher pr B mesons show no enhancement
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Modification of b hadronization — PYTHIAS

PRL 131 061901 (2023)
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* Evidence for an increase of BY /B at low py

* Low multiplicity data consistent with fragmentation in vacuum measured in e*e™ collisions
* Higher pr B mesons show no enhancement

* PYTHIA8 w/color reconnection enabled describes high p data, undershoots low py
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Modification of b hadronization — B baryons

* Coalescence provides a new mechanism for baryon formation - 3 quarks wavefunctions overlap

* Baryon enhancement is therefore a signature of coalescence
PRL 132 081901 (2024)
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Modification of b hadronization — B baryons

0.8 PRL 132 081901 (2024)

[e=] . [ T T T T | T T T T | T T T T . . . o

o A LHCb pp Vs =13 TeV Barygn/mesgn ratio s.hows significant .pT depgndence

\o€ 0.7 -\\ ¢ 2<y<45 Consistent with previous results (semileptonic decays)
\ f t 2<n<5 Consistent with pPb results, within large uncertainties

pPb s\, =8.16 TeV
% ¢ 25<y<35

-
=~
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—E=

Compare to Statistical Hadronization Model that uses two
sets of baryons as input:

 Expanded set of baryons predicted by the
Relativistic Quark Model

———
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Qe .

0.2 1 m
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Modification of b hadronization — B baryons

08 PRL 132 081901 (2024)
b°° TR LHCbl op Vs :' 13TeV 1 Baryon/meson ratio shows significant p; dependence
= 07 '\ ¢ 2<y<45 1 Consistent with previous results (semileptonic decays)
C b 2<1n<5 1 Consistent with pPb results, within large uncertainties
a mn PYTHIAS e
F pPb \syy =8.16TeV 1 compare to Statistical Hadronization Model that uses two
3 29V <39 1 sets of baryons as input:
¥ Y ¥ 35<y<-25 ] y put:
- L] = ]
- r~l~.‘ -  Expanded set of baryons predicted by the
= ! "‘HT H 'ﬂ"\f? - Relativistic Quark Model
l_-l_lul ||l||l||ll||llIIII||||||||||I\' luﬂmﬂmmuﬂu gsm_: PYTHIAS fails to reproduce Pt dependence
0.1F == SHM+RQM = EPOS4HQ+coal
0: PR TR TR RN NN TN TR ST SN N S SR .
0 10 20 30 EPOS4HQ with fragmentation+quark coalescence does

P, [GeV/c]

much better, slightly overpredicts ratio
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Modification of b hadronization — B baryons

PRL 132 081901 (2024)
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b quarks in low multiplicity collisions have nothing to coalesce with = fragment in vacuum
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Modification of b hadronization — B baryons

0.8
0.7F

¢
w 0.2

0.6 L— = - CE-SHM (PDG)
05
0 0.4

<03}

= LHCb pp 13 TeV (p>0)
CE-SHM (RQM)

/ Dai, Zhao, He
/ PRC 110 (2024) 3, 034905

0.0k
0

1 2 3 4 5
N,  VELO/(N  VELO

tracks tracks NB

Baryon/meson ratio shows
significant multiplicity
dependence

Increases by a factor of ~2
and plateaus for collisions
with >2x average multiplicity

Reproduce ete™ result as
multiplicity approaches zero

SHM reproduces trend with plateau — all possible baryon states populated at high multiplicity
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Modification of b hadronization — B baryons

N LI LT

| 9 ] T AO
] Ap A9

PRL 132 081901 (2024)
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* Clear multiplicity dependence at relatively low pr

NS
Q:Q Los Alamos Matt Durham - Heavy Flavor Seminar

NATIONAL LABORATORY



Modification of b hadronization — B baryons
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* Clear multiplicity dependence at relatively low pr
e Reproduce eTe™ result at high pr where b quarks don’t interact with bulk and just fragment
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Outline

« Exotic multiquark states in-medium
— X(3872) in pp and pPb
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‘New hadrons discovered at LHC
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Sl : ;;3119)0 0‘8327)2 zc(a-zoo)t’ i
3.0 1 g'((;ggg));; D;1(2860)" A (2860)" 83008 Z0(2965)° T£1(2900)° f)A3185)H 229231 Da(2933) | :
: D/(2760)* o Q:(3050)° (2339 @1 2870)0 @7 0(2900)7 . Hadronic Molecules
Df(2740)° D3 (2760)0 Qc(3000)° = .‘50 ) Te50(2900) £.(2900)
2.5 1 D;(2580)° D2o(2590) |
2 . 0 T T T T T T T T T T T T T T T PLB 590 209 (2004)
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 ﬁg%ﬁ%gﬁ%g)ﬂg
patrick.koppenburg@cern.ch 2026-03-31 Date of arXiv submission (®) (2019)
Mixtures
The quark model is rapidly expanding: X = alcc) + blccqq) B0y
study of exotics states largely driven by experiment PRD 96 074014
(2017)
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Example: PZ pentaquarks

PRL 122 222001 (2019)
Select daughters from the decay s*p° 5+ 0

S
()
0 — = 1200
A h %@K ST — data LHCb
2 — total fit
é 1000 __ backgrouhd
c i
Masses are close to meson+baryon § 800
thresholds — candidate hadronic molecule % ‘L' Py i
= { L1 L
© 600 ,
= ) ]
s00fPf 1Y ' -
P_(4440)" [ P .(4457)"
(4312)
200 ‘\ ‘

4900 4250 4300 4350 4400 4450 4500 4550 4600
Mo [MeV]
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Example: Charged Tetraquark: ZF

Select daughters from the decay

B - QEK@) e
1000 ", =

Charged and contains cc pair: E y
minimal quark content ccqq S |
> 500 -
> l
Mass not close to S |
hadron+hadron E T
threshold - - 0 |
candidate compact
tetraquark
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. COnabom)nAn enduring puzzle: X(3872)

PRL 91 262001 (2003) * The first exotic hadron, discovered in J /Yt~ mass spectrum

3 ' { from B decays by Belle in 2003
> 300 | P(2S) E
&8 - ]
(@) =
S 200 .
o i i
-'(2 -
= i ]
Q2 100 - ]
L [ X(3872) i

S
0.40 0.80 1.20

M@ T - M(I*T) (GeV)
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. COnabom)nAn enduring puzzle: X(3872)

PRL 91 262001 (2003) * The first exotic hadron, discovered in J /Yt~ mass spectrum

3 ' { from B decays by Belle in 2003
S 300 P(2S) - * LHCb measured quantum numbers (PRL 110 222001 2013)
3 : ' * Incompatible with expected charmonium states
g 200 |- 7
o [ i
_'(2 -
C - -
Q 100 |- -]
- i X(3872) i

S S it
0.40 0.80 1.20

M@ T - M(I*T) (GeV)
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Belle CollaboratlonAn enduring pUZZIe. X(3872)

PRL 91 262001 (2003) The first exotic hadron, discovered in J /¥t~ mass spectrum

' ' { from B decays by Belle in 2003

S 300 P(2S) - * LHCb measured quantum numbers (PRL 110 222001 2013)
8 - . = Incompatible with expected charmonium states
o 1« Mass is consistent with sum of D° and D*° masses:
- N B
S 1 (Mp + Mpo) = My, 387) =0.07 £ 0.12 MeV/¢?
EJ 100 |- -
LU I X(3872) ]

R S it

DD " Molecule

0.40 0.80 1.20 Do
M(T* ) - M(I'T) (GeV)
@)

VERY small binding energy
VERY large radius, ~10 fm
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. COnabmﬁonAn enduring puzzle: X(3872)

PRL 91 262001 (2003) * The first exotic hadron, discovered in J /Y™ T~ mass spectrum
1 1 1 1 1 1 1 I 1

:' 1 from B decays by Belle in 2003
S 300 P(2S) - * LHCb measured quantum numbers (PRL 110 222001 2013)
3 : - = Incompatible with expected charmonium states
o 1+ Mass is consistent with sum of D° and D*° masses:
Q N ~
= 1 (Mp+Mpo) =M, 372 =0.07 £ 0.12 MeV/(?
C - .
L%’ 100 = X(3872) 1 - Large prompt produgtion fraction (~80%) — potentially inconsistent with D
. 1 meson coalescence in pp*
S S it

DD " Molecule Compact tetraquark

0.40 0.80 1.20 D’
Mz ) - M(I'T) (GeV)
*Tension in theoretical literature:

c.f. Bignamini, Grinstein et al . .
PRL 103 162001 (2009) D Tightly bound via color

Artoisenet, Braaten VERY small binding energy exchange between diquarks
PRD 81114018 (2010) VERY large radius, ~10 fm Small radius, ~1 fm

Matt Durham - Heavy Flavor Seminar
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Quarkonia in the QCD medium

* Suppression of weakly-bound quarkonia states has been studied for

decades in pA collisions

- Co-movers
«  Ratios szp(ZS)/]/w and Y(25,3S)/Y(1S) -

* In general, final state effects are required to explain difference in of. PLB 749 98 (2015)
suppression between states
* Prevalent in regions with high particle multiplicity

¢ Weakly bound hadronic molecules may show similar effects. (C] e
DD Molecule |

sate | ne | I xo | xa | xa | 0| XOSTD | g

mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69 | 3.872 G"‘G:

AE [Gev] | 0.75 | 0.64 | 032 | 022 | 0.18 | 0.05 | -0000= o® o O

0.00027 CoTorT Screenifig

Satz, J. Phys. G 32 (3) 2006

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

PRL 126, 092001 (2021)

88

o4 LHCH T T 3 Promptcomponent:
L pp Vs=8TeV + Prompt Increasing suppression of X(3872) production
0.12 |- : e
- p.>5GeVic relative to Y(2S) as multiplicity increases
0.1 f—

| i JB

0.08

0, a1y BR(x (3872)> Jiyr'n
BR(y(2S)— J/ yrn*n)

o +
0045— '4+F_ T
1k \\1////.

VELO —
Ntracks

(@]
e}
W
2L
_
=) =
(=]
_
W =
o
[\®)
S
o
|1
|
I\

A
/\

N
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X(3872)/y(2S)

PRL 126, 092001 (2021)

88

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:

0.08 Totally different behavior: no significant change

BR(y(2S)—> J/ wr*n)

3 —f— . . . ;
006 - —f— in relative production, as expected for decays in
= —td vacuum. Ratio is set by b decay branching
0.04 |- | # ratios.

\\1////.

-

0.02

o, as12 BR(y (3872)—> J/yr*n

O ys)

=]

[l

100

Al I
()
—
D =
(e}
(e}
()
(e}
tel
|
Il
\\
g
A
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PRL 126, 092001 (2021)

88

o4—"LHCH = 0 —
R T N i
n J'rta . C pp 5=8TeV + Prompt 4 b decays .
s |y M2, S 5Gevie . . =
NS > - T Comover Interaction Model, Esposito et al. -
S 01— gy Molecule ™
% /’L u i - (geometric) -
= |l 008 -
A - —H— ]
=l > = _$_ 3
55 E‘/ 0.06 — —
% aa) - — 3
~ 0.04 [— #‘ =
2 = —— i ]
| = o002 —
b o : 3
oL 1 1 1 N

0 50 100 150 200
NVELO

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

1% Los Alamos

NATIONAL LABORATORY

X(3872)/y(2S)

Prompt component:
Increasing suppression of X(3872) production
relative to Y(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 EPJ C 81, 669 (2021)

Break-up cross section:
Ethr L
Q
E.

(-

geo

(vo)g =04
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PRL 126, 092001 (2021)

88

L] L) L) L] I L] L] I
l;) T\ 014 __ LHCb 00000’ —_
S [ pp s=8TeV G + Prompt 4 b decays ]
s |y M2, S 5Gevie . . =
NS > - T Comover Interaction Model, Esposito et al. -
o~
0 > 0.1 h . Molecule sgggg Molecule —]
a = i (coalescence) #¥ (geometric) o
> |2 008~ -
A - —H— ]
=l > = _$_ 3
% aa) - ” — 3
0.04 — —
|2 = & | .
< b§ 002 -
X B -
L - ]
oL IR | 1 N
0 50 100 150
NVELO

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

1% Los Alamos

NATIONAL LABORATORY

X(3872)/y(2S)

Prompt component:
Increasing suppression of X(3872) production
relative to Y(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 EPJ C 81, 669 (2021)

Break-up cross section:
Ethr L
Q
E.

(-

geo

(vo)g =04

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

Matt Durham - Heavy Flavor Seminar




X(3872)/y(2S)

PRL 126, 092001 (2021)

88

Sl METLHCH T A T T T T T T T T TS Prompt component:
ok C pp 5=8TeV e —+Prompt -4 b decays ] Increasing suppression of X(3872) production
Sl onf o 5 GeV/c S8 1 elat 26 ltiolicity |
X (> - Py Comover Interaction Model, Esposito et al. - relative to II)( ) as multiplicity increases

S 0.1— . Molecule Compact gz Molecule ] .
% /’L = 4 (coalescence) tetraquark gg%g (geometric) - b'decay Component.
% g 00 = e E Totally different behavior: no significant change
‘;3 > b —— 4 mrelative production, as expected for decays in
z x C ——4#d 5 vacuum. Ratio is set by b decay branching
A 0.04 [— | # — ratios.
cla = —— 1 Calculations from EPJ C 81, 669 (2021)
e I —
b [© - 4 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 Compact tetraquark of size 1.3 fm
molecular X(3872) increases ratio  gradually dissociated as multiplicity
increases — consistent with data

N
0:9 Los Alamos Matt Durham - Heavy Flavor Seminar

NATIONAL LABORATORY




Comover model: constituent interaction

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

012

©

-

o
—

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

o

o

G0
S

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

IhaE )

o

o

=
e

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

: : DY Data is consistent with this
0.02¢ '; @ = molecular interpretation.
oot —o o
0 20 40 60 80
dN/dy, Niracks/2.2 /.
D

1% Los Alamos
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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

©

-

o
—

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

o

o

G0
S

oinel [TL'X] ~ % (o‘[ﬂ'DO] + o‘[]‘[l_)o] + O'[ﬂD*o] + O'[TL'D*O])

IhaE )

o

o

=
e

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

: : DY Data is consistent with this
0.02¢ '; @ = molecular interpretation.
oot —o o
0 20 40 60 80
dN/dy, Niracks/2.2 /.
D

If breakup is due to scattering of individual constituents, would all c¢ have equal suppression?
Not observed in charmonium or bottomonium systems.
¢@ Los Alamos
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X(3872) in pPb
Phys. Rev. Lett. 132 (.2024) 242301.
ﬁ LHCb  #pp {s=8Tev,2f6" 3

—— Total fit —— Background
O PR

25000

20000

15000

10000

Candidates/(1 MeV/c?)

5000

450
400
350
300
250
200
150
100

50

YuJIIIlIIIIlIIII|IIII|IIII|IIII TTTT ||||||||||||\||||||I|

Candidates/(4 MeV/c?)

111 IIII|IIII|IIII\IIIIlIIIIlIIIIlIIII |

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‘

9 A, . A
3700 3800
M PAZ

3 9I00
[MeV/c?]
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X(3872) in pPb

Phys. Rew. Lett. 132 (2024) 242301

Losoo LHCb  #pp (s=8TeV,2 "3 _
S ! ” 1 Tl ' ! ' cMs Comparison between X(3872) and
z - —— Total fit —— Background E < [k p.>15GeVic ] .
£ 15000 - ves) ErcE S [k T Y(2S) suggests something
s E N ? 2 different may be happening to
N ER RS LHCb 7 exotic vs conventional hadrons in
_ a agé p.>5GeV/c 1 medium
s E = 3F ]
= WE ! Qix | Initial state effects (eg shadowing)
g g 3 £|8 should largely cancel in ratio
© 250 — = S g y
8 E E xX'lo b
g 200;; _é o}
oE b PPb sy =816 TeV, 125167 5 B Enhancing effects start to out
oEb || , A 5 107F 1 compete breakup?

g :gg: : [ doptts | Ls<yed  |-5<<25 | <0 * arXiv:2302.03828
S ss0F = pp pPb Pbp PbPb
$ 3wE .
8 250F =
S w5 oy (o 16Tev 93051 Prompt X(3872)/ ¥(2S) = 0.26 + 0.08 + 0.05 in forward pPb
© 1‘5’3— ) o o 3 Prompt X(3872)/ ¢(2S) = 0.23 £ 0.15 £ 0.10 in backward pPb

E C 3

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

Myyer MVl AMBIGUITY between X(3872) enhancement and (2S) suppression

N
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X(3872) in pPb

Phys. Rev. Lett. 132 (2024) 242301 o . o1 (3872)
Ambiguity lifted by measuring a7 _ oA
i 6_ I T T T T I T T T T I ] I d.f. t. f t . pA 208 X Xc1(3872)
o~ [ LHCbpPb (5 =816 TeV nuclear modification factors: o
5 _ —4— 1 (3872) > J/ y/mr_:
-] —#— y(2S) > pu
4 - p,>5GeV/c
3:_ @ ]
2F .
1_ ::_ _______________
ﬂ; —{m—
0_ ] . | | . | | . | | L]
-5 0 5

First measurement ever of nuclear
modification factor of a tetraquark!

N
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X(3872) in pPb

Phys. Rev. Lett. 132 (2024) 242301 o . e (3672)
Ambiguity lifted by measuring a7 _ oA
é 6_ I T T T T T T T T T I ] I d.f. t. f t . pA 208 X Xc1(3872)
o~ [ LHCbpPb sy =8.16 TeV nuclear modification factors: o
5F 4 7 (87) > Iy ] Evidence for enha_nce_ment of X(3872) in pPb:
N 4 yos)» - | Coalescence dominating over breakup?
4r p,>5GeVic S s
I Of ]
>.‘_ i
3r—s ] <l ]
Similar mechanism for S |
i ] =L i
). . baryon enhancement could Ot 1
: also increase tetraquark N B
i -+ ) duction i |
| i vt pro
I —— N i
-5 0 5 - :
First measurement ever of nuclear Y I ]

modification factor of a tetraquark!

|
—

N
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Outline

| - Future plans |
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LHCb Upgrade 1(a) — Installed

¢ LHCb has advanced the state of the art with * Dedicated gas storage cell has been
full streaming readout in pp at 40MHz installed in front of LHCb VELO

« All new tracking system allows reconstruction up * Allows greatly increased rates of
to ~30% most central PbPb collisions beam+gas collisions

Side View ECAL HCAL M4 M5

SciFi
Tracker

Vertex, H
Locator /

YRV R AT Er——

N
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15 new data sets recorded by LHCb in 2025 %

I T T

T: 1ot | Collision data ,» Fixed-target data B -6Tev
R Iﬁ% e | New data sets all LHCD to probe:
> ‘ . .
g M.=serev | o QCD at highest energies
o s = 113 Ge .
£ ::;ZGGVV | ¢+ CNM and QGP at high
2 w0 W ...--0 2 temperatures
[~ e -8 .
g 10 - * (De)confinement at small
o) B - | ..
3 0% ¢ energy densities
3 - ®-@ . Totally unique geometries
= 1 s-39-0 ®-- ®-s y quc g
% o & ._' ] | .
2 * 8-8 : x D) -
= 107

s 2 8

pHe
pNe
pAr
OH,

NeNe
PbPb
pH
pD.

) o )
5 E %
Z A ~
Collision system

LHCD is the most versatile heavy ion experiment ever fielded
It sure would be nice to have fixed target at the EIC! arXiv:2603. 00265
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https://arxiv.org/abs/2603.00265

LHCDb Upgrade I1 (Run 5+)

Further upgraded tracking to deal with high pp pileup and heavy ion collisions
* Access the full PbPb centrality range
* Precise measurements of B hadrons, exotic states, and more at low pr in central collisions
* R&D well underway

Side View Tungsten
Magnet & Eoal M3
Magnet Stations SciFi TORCH ”éi‘,‘;’.‘;’,’ng
&Silicon , RICH2
Tracker
\x ¥ ¥

M4 M5

™~

RICHI

Discussions beginning for a new
era of fixed target physics:

Spin polarized target? ?:fl?;f{f,i; ‘l - \
~ a
L C arXiv:1901.08002
spin

Phase-II Upgrade CERN_LHCC-202 1 -O 1 2

NS
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https://arxiv.org/abs/1901.08002

1.0

0.81

N8

0.44

0.21

0.0

Run 5 Projections

arXiv:2503.23093

1 ub-! LHCD projection
+ mHIIb—l PbPb, /syy = 5.44 TeV
| A) = Af (= pK 70w vX

B' - D (= Kta rm )utvX

i*\’

100 20 30 40 50 60 70 &0
centrality

Precision access to bottom baryons

90

and mesons in central PbPb collisions

NATIONAL LABORATORY

—_ : L L
T> 1073 E. v LHCb projection, PbPb ysy = 5.44 TeV, 10 nb'g
= Ry 3
8 E —eete, x,,(3872) > J yrr ]
— 10_4 ?" oy o e —— with Magnet Station g
Q‘H F ! \ .0’ —4—without Magnet Station 3
/ g3 -
2 . norw PLB 797, 134836 (2019) .
= 10 E? ‘Q' Statistical Hadronization E
(\IZ - -, EPJA 57, 122 (2021) 3
o) 6 B "‘ B0 BB Tetraquark T
10 =E " EE | Molecule E:
- s —oF .
7 PRC 107, 014906 (2023) —_—
10 E Tetraquark o — 3
. .M01?0u1e| . . . ." | . ._+_.
0 5 10 15

p.[GeV]

* Measurements of exotic X(3872) at low
pr in PbPb collisions (w/MS)
e Clear discrimination between models

Matt Durham - Heavy Flavor Seminar
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Summary

- Heavy quarks are extremely versatile for probing non-perturbative QCD

» The evolution of quarks into observable matter is influenced by the density of
other particles produced in the event — clear indications of new hadronization
mechanisms that are important for baryon formation.

» QCD creates a rich spectrum of bound states - our knowledge of the allowed
configuration of quarks inside hadrons is rapidly growing

* New capabilities from upgrades will expand our reach into QCD

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

https://arxiv.org/pdf/2402.03692.pdf
0.8 ¢

= LHCbpp 13 TeV (p;>0) N
0.7 F —— CE-SHM (RQM) b)
0.6 L~ — - CE-SHM (PDG) + _3
0.5} ]
004
L03f )/ o memmmmm—-- ]

0.2}

01 ]

OO : R 1 R 1 . 1 L ] L ] N ] N ]
0 1 2 3 4 5 6 7

VELO VELO
N /<Ntracks >NB

tracks
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Hadronization in heavy ion collisions

In a deconfined plasma, strange quark Overall baryon production also enhanced

production is dramatically enhanced * Models generally require
e T,= 190 MeV = 2mg strange quark pairs can be
produced through fusion of thermalized gluons

o ) : :

& Pb-Pb at /s, = 2.76 TeV aQ (b) 2 antiproton/pion
g L w |F -
& o o O m Au+Au0-10% ]
o (a) Q - A [ A o Au+Au20-30% 3
2 qo} 2] 4Q+0Q I F o e Au+Au60-92% ]
ks = © N % o * p+p,Ns =53 GeV, ISR E
o "o og] e mE % [ ---- e'e, gluon jets, DELPHI ]
T EP = x é [ e e*e’, quark jets, DELPHI
z z - : PHENIX PRL 91 172301 (2Q03) :
5 LR T T o L E
° L] ° L - ]
= p= o 3
L L C A :
” C LIcX M + + _-
1F- - . 1F- Wb - - i i
- O ;
NA57 Pb-Pb, p-Pb at 17.2 GeV NAS7 Pb-Pb, p-Pb at 17.2 GeV - A K & (‘Jl)%' +_ C--4--"" 4
H STAfhhs a0 cey [IA STARAuAu at200 GeV - 7 3 - —_,—..—.7..‘.7-7.7. ......................... +:

Ll | | | l = ' '

1 10 10 N ] 1 10 10? " 0} 1 2 3 4 5
part Npan pT (GeV/C)
“strangeness enhancement” “baryon enhancement”

N
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Muon system

W identification s‘g—)g! 97 %
\‘“nﬁﬂbﬂﬁmws %

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

momentum resolution
Acceptance: Ap/p = 0.5%—1.0%

10 mrad <6 < 300 mrad (5 GeV/c — 100 GeV/c)

Calorimeters (ECAL, HCAL)
energy measurement
e/y identification
2 <y<$5 AE/E = 1 % ©10 %/VE (GeV)

NATIONAL LABORATORY
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Quarkonia — bound states of heavy quarks

12001 , : ‘ ‘ - Rev. Mod. Phys. 90, 015003 (2018)
< 1oo0f- D°D° e LHCh - : \If(4S)
2 so0f + = a00pT — o T
7 60 @w**+*******““*’*f**”H**’**“****Wﬂ***h*‘*ﬁ‘*ﬂ#***;ﬂwM@***Mﬂ»*W”++++*+ﬁ++“m*+m+”.+++++++++¢++§§ e I v (2D) Trrne resee
e = Do —_
5, LHCbJHEP(2019)2019:35 E v(3S)

- g o — 2P
B L A e A S R 4000 %o (2P)
* o DD E _ ; R —~\D)
Z SoE % E % wof @
é oy t = — —_
g jgg%++ﬂ+H+#+H*+*#*HMﬁ+*+*+m+*++*+++ﬂ++wﬁ% Wt““ﬁ*ﬂ+**+5*5**+*+*M“+*ﬁ+4+++:++*++++++*++++*++*++++*§ z ’ (2S)W(_ZS) b
= F 3 v L c T
2 2005 E g 3600 hc(1P)Xc(1P)
© 100F = S [ —

38 381 382 385 384 385 38 38 3400 —

cev/e ! Calculated Mass
. . . 3 B
The most recently discovered charmonium state: 5 (1°D5 ) wook Measured Mass
Measured mass: 3842.71 +0.16 = 0.12 MeV - Jvds)
Predicted mass: 3849 MeV 2000 [LUS)
Incredibly rich structure, accessible g 3 o 3 I 3 Iy 3 L 3
y ’ SO Sl Pl P0,1,2 D2 Dl,2,3 F3 F2,3,4 G4 G3,4,5

theoretically and experimentally
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Example: PZ pentaquarks

PRL 122 222001 (2019)
Select daughters from the decay s*p° 5+ 0

S
()
0 — = 1200
Ab _)@K < — data LHCb
2 — total fit
é 1000 __ backgrouhd
c i
Masses are close to meson+baryon § 800
thresholds — candidate hadronic molecule % ‘L' Py i
= { L1 L
o 600 ,
= ) ]
soof Py 1t ' -
P_(4440)" [ P .(4457)"
(4312)
200 ‘\ ‘

4200 4250 4300 4350 4400 4450 4500 4550 4600
Mo [MeV]
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Example: Charged Tetraquark: ZF

Select daughters from the decay

B - QEKGE) e

[am—
S
-
)

Charged and contains cc pair: E y
minimal quark content ccqq S |
> 500 -
> l
Mass not close to S |
hadron+hadron E T
threshold - - 0 |
candidate compact
tetraquark

NS
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Deuteron production in the QCD medium

Deuteron: weakly bound state of neutron and proton, E, = 2 MeV

Ia 0006_ T T TT IIIII T T T T Illll T T T TTTTT T LI III_ Production relative to protons
+ L ALICE Eur. Phys. J. C 80 (2020) 889 . . . el
+ - [§]p-Pb, {5 =5.02 Te . increases with system density:
= 0.005— VoA Muttiplicity Classes (Pb-side) —]
Ro) T [#]Pb-Pb, s =276 TeV .
N - Mpp, (s=7Tev -
0004 fpp =t3mev || |4 ]
T VOM Multiplicity Classes ___fft---~~ "~ L™= ]
0.003f- —
0.002 :— T it % Thermal-FIST CSM (PLB 785 (2018) 171-174) —:
C T, = 155 MeV, V, = 3 dV/dy ]
0,001 —Tg, =155 MeV, V, = dV/dy ]
C ‘ —Coalescence (PLB 792 (2019) 132-137) n
0 1 L1 1111 ll 1 | | 1 11 1 111 ll 1 I 1 111 l_
1 10 107 10°
(dN_ /dn ) .
ch” ™ labln, }<0.5 Well described by coalescence models.

N
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Newest LHCb exotic: T,

arXiv: 2109.01038, 2109.01056

New state consistent with cctid tetraquark recently found:

= cof .~ LHCb =3% 1
S — w _ g 30; ! 11
§ - - 9fp7t § 25 + <4 Similar to X(3872), mass quite close to DD threshold
2 50 = + J( 11 Bigdifference: contains cc or €C, rather than c¢
= - jlo’ | 7 e 100 T T
S 401 | ol #**H%ﬂj ] = o0- | Ly
- | +  Data EEEYS7 3876 ] B 9fb~t 3
30— } 1 14— DODORt mpopor+  |GeV/e?] 80? ° [T)B%?DODOﬂBg?GV , E
E ! I ?;fljlg round E 70? lf DODO 3 5% :,DJDU <e3./§7ccwr2 E
20 ﬁ D S e !
or M b i + = 1 —
0:.++t__/ $+}}+ + +l | + 205_ ¢ T _E
L ! ! I L ! ! I L |l ! | | | | N 10; ) + é
3.87 3.88 3.89 3.9 OFe v L
MpOpo+ [GCV/(Q} 0 100 200 N To 400 500

Yield favors higher multiplicity collisions, reminiscent of deuteron.
Evidence for hadronic molecule structure?
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Quarkonia in the QCD medium

J/P(1S) P(2S)
E, ~ 600 MeV Ep = 50 Mel

P>

I
i
2
A4
?

10 ~ E . 1.5[ PHENIX  s,=200GeV Mﬂ.ozgz\é
S pRasn A 00GeVpru| O T pyas)n  200GeVprAu| A Ut apishiot
C 12<y<2.2 (p-going)| © | 22<y<1.2 (Au-going)| 3|2 | $p+Al 4p+Pb, ALICE
> 102 > 107 b; b; H JHEP 1412 (2014) 073
o o P | 1 .
L el P(25) 0t <
~ [, e, ~ <
2 1 ) Tl L 3 i
C o 0 5_
1E \ 1 2 b} b} L
. ;L/ R F N PRC 95 3, 034904 (2017)
g 3 4 5 2 ® " 10 20 30
W mass (GeV/c?) ' mass (GeV/cd)

(dN/dh)

aer ! (<5>) (fm:)

Relatively low particle density Relatively high particle density

Increasing charged particle density
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Hadronization at the Electron-lon Collider

\Js~20 — 100 GeV
e+p, e+0, e+Al, e+Cu, e+Au, e+U,...

Charm production inside the nucleus probes:
e Parton structure of nucleons

e Parton distribution function modifications
* QCD energy loss

Hadronization inside the nucleus becomes
important h

e

Vitev, 1912.10965
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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

Weakly bound Tightly bound

* 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

* Test idea via MC simulation of propagation through nucleus for three cases:
* P(2S) with radius 0.87 fm, compact X(3872) with radius 1 fm, molecular X(3872) with radius 7 fm
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Relative modification of X(3872)/ ¥ (2S) at EIC

arXiv:2103.05419

gz 1.2r
S<  re+'®0 e+®2Cu e+'%7Au
™ T
3 - o ® RX(3872) X X
€ <081 eA _Oea [%ep
T Y2s) ¢ Y
0.6 ® ° ReA Oca O-ep
0.4 o
B ® Compact X(3872) * Little difference in suppression between
0.2 model of compact X(3872) and y(25), as
- ® Molecular X(3872) expected.

o e b b b P Py b b by Py
OO 20 40 60 80 100120140160180200220 * Large difference between model of
Nuclear target A molecular X(3872) and Y(25).

X(3872) is only an example, model equally applicable for other exotics accessible at EIC
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Constraining nPDFs with D mesons

JHEP 1710 (2017)
2 e e B B i LA A e
v - == LHCb LHCb
C EPS09LO VSaw =3 TeV
15  —EPS09NLO -
i ---nCTEQI5
- EECGC
1 >
S eeseseo T AL _
0.5 o
Forward
) T S R S R L
0 2 4 6 8 10
P, [GeV/c]

e LHCb D meson data:

significantly more precise than
calculations from older nPDF sets

* Now included as constraint in
updated nPDF sets

1% Los Alamos
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ch

Tom Boettcher
nNNPDF3.0 EPJC 82 507 (2022) Tues 16:30
u Lead **Pb a st
L4 nNNPDF3.0 (no LHCh D) L4r 14F
nNNPDF3.0
1.2p 1.2F 1.9F
5:\ 1.0 - Al 10 1.0 =
- 2 - — "\ - N
0.8 = 0.8 S \ 0.8F i \
0.6 0.6 0.6
Q = 10.0 GeV 7 \ ‘
1a 4 ¢ = 100Ge 14 @ | 14k 9
median I | o
68% CL ] N
1.2F 1.2 [ 12 \
< : ‘ \
=10 > 1.0 J 1.0 -
) -’ N\ — ] |
A . = 7—\*;_>/ p |
0.8f — 0.8F lI oS = \.\
|
0.6} 0.6} U o6t |/
N
N U 1 T T T R T TV 1 R T R T N T R TV R

0= 10107 0 0T 1

LHCD data currently constrains nPDFs down to x~10~6
Places especially stringent bounds on gluon nPDF

107°
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Exotic X(3872) in dense medium (PbPb)

CMS-PAS-HIN-19-005 0P 1.7 nb" (2018 PbPb 5.02 TeV)
450C_:MS Preliminary 1.7 nb" (2018 PbPb 5.02 TeV_)4 E CMS Prelimin ary pp (7 TeV, CMS)
E  Inclusive 15<p_<50GeVic ] - lyl<1.2

400 yi<16 " PbPb (5.02 TeV, CMS) ® Inclusive
< 350F Cent. 0-90% 1, 10F Iyl < 1.6, Cent. 0-90% pp (8 TeV, ATLAS)
> 300 1 F | m Prompt lyl <0.75
= F ¥ L Eb [ e Prompt . .
o2k 4 i [ B Nonprompt Recombination of X(3872)
g Pull
~ 200F- 3 .. o=
8. 0 T + at pT > 15 GeV?
< F i =
4 100F- 3 i

50E- j\ /\ 33 e e o ®

| P Y AV A I I /20 WP I B DY 10 fff. ———
365 3.7 375 38 385 39 395 4 o
My (GEV/C?) C —
10—2IlIIIIIIlIIIIIIIlIIIIIIlIIlII
10 20 30 40 50 60 70
pT

Prompt X(3872)/ ¥(2S)=1.10+ 0.51 £ 0.53 in PbPb at 5 TeV
Prompt X(3872)/ Y(2S) = 0.1 in pp at 8 TeV
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Exotic X(3872) in dense medium (PbPb)

CMS-PAS-HIN-19-005

CMS Preliminary

1.7 nb" (2018 PbPb 5.02 Tev),

=0 i 15<p_<50 GeVic | 4m '
P S it 4= Tetraquark ===
(%\3505_ Cent. 0-90% _2 . Molecular === :
= a00F ] © gL EqQpit | Transport model gives
=k t o ] -
S 250F HRNE = Edfinal larger yield for compact
= 200 2 A . 1 tetraquark vs. molecule
o E i b @) .
£ 150 |’ O 2- - by factor of ~2 in PbPb
W 100F- Fg § l
50F j\ > I . 1 Wil be tested with
TN AN R YR Y Y % Tr —"I:.I | future PbPb data sets.
My (GEV/C?) [ e i
0 ! | ! ! ]
0 100 200 300 400

N
part
Prompt X(3872)/ ¥(2S)=1.10+ 0.51 £ 0.53 in PbPb at 5 TeV
Prompt X(3872)/ Y(2S) = 0.1 in pp at 8 TeV

Intriguing data! Inconclusive with these uncertainties.
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Propagation through Nuclei

In Monte Carlo simulation, populate a Glauber nucleus,
using parameters from PHOBOS model: arXiv:1408.2549

Randomly select starting point for QQ pair

Propagate QQ along z axis

—4 —
* Following model of Arleo et al. in Phys Rev C, 61 054906 (2000), expand QQ radius as a function of time:

rotve 7 if roa(r)<r;

rea(m)= ,
e(7) r otherwise

* Calculate radius-dependent cross section: O (o) N= T yn(8) - (”cE/”gb)z

* |If the state comes within a distance of \/g.z/m to a nucleon, consider it disrupted.

Three cases: Y(2S5) with radius 0.87 fm, compact X(3872) with radius 1 fm, molecular X(3872) with radius 7 fm

NATIONAL LABORATORY

‘@ Los Alamos Matt Durham - Heavy Flavor Seminar 74



Filtering States with the Nucleus

« At the EIC, hadronization inside the nucleus becomes an important effect (Vitev, 1912.
10965)

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

NAS5OQ, EPJC 48 329 (2006)

£y

E866, PRL 84 (2000) 3256-3260

o @E‘%%E%

® Jhy

1009 =
08+ oy E -
= I 0.07 lp(zs)
E866/NuSea E 0.06 e
07T 800 GeVp+A->Jiy 1 ,
T 0.05 e
06 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 [T @ parametrization ) 004
1 10 10°
Target mass number

X
* Larger (weakly bound)'states sample alarg.. .c.c...c .. =000 __ vhile 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)  PHENIx PRL 111 202301 (2013)

J/YP

o

o

w
e
2
&

B Wo(w )/ A (nb/nucleon)

BWO(J/w) / A (nb/nucleon)
-
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I/

state Me | J/V| X0 | Xe1 | Xe2 | ¥
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

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

Los Alamos
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Table 2: Bottomonium states and binding energies
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b fragmentation in pp _

. - . . . R i —— Vs=7TeV
» Production of bb pairs is relatively well understood: © - LHCb S G=8TeV ]
- Negligible b content of incoming beams o 028 (b) = s=13TeV
— Negligible production of b pairs via fragmentation bk "
— Total b cross section well described by pQCD 0.26=Fxt! s - -
Rl o Ty g
l'l" 1
* b quark hadronization is not universal 024 PRL 124, 122002 (2020) ]
— Varies between e*e™ and pp machines, /s, kinematics T
- Inconsistent with assumption of universal fragmentation s _ pylGeVic]
.§ 035 ; LHCb
+ Verv similar to ob i ; £ 03 T (s =13 TeV
ery similar to cbservations o <ro2sf "Hig.  PRD100.031102(R) (2019
strangeness enhancement and baryon enhancement 3 o2 i
. . . . . = 0.15 R
in heavy ion collisions, typically seen as QGP signatures = " Bt et B,
0.05

T R T
p(H,)[GeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.122002

Quarkonia in the QCD medium

Piise medium (008) e T D

WD %6 ano
] .o'l‘o

Dissociation via interactions Suppression via color O

with comoving particles screening Production via coalescence

Experimentally, we use different collision systems/kinematic regions to
prepare environments where different non-perturbative effects dominate.
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Separate prompt/non-prompt production

Simultaneous fit to mass and proper time in each multiplicity bin

1400
1200
5 1000
800

600

Candidates/(0.5 MeV/c?)

400

1 .IIIIII;'I'I-I.. @5
LHCb pp Vs =8 TeV 2o
<
-
<10*
5]
8
VELO 2
60 <N _ . <80 E )
5 10°
P >5GeV/c :
<
Q
10?
'y 2554 -;‘-: "’;'_:_ o 10
200 koherd e o ixnd
0 . 1
3640 3660 3680 3700 3720 5
My zon- [MeVic?]
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LHCb pp Vs =8Te

— Total fit
-+ Prompt signal

b-decay signal
- --- Background
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