1% Los Alamos

NATIONAL LABORATORY

Hadronization of heavy b quarks

Matt Durham
durham@]lanl.gov

MN»A!WSW% Managed by Triad National Security, LLC, for the U.S. Department of Energy’s NNSA. 1



ch
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: Phys Rev Lett 131 061901 (2023)

- A, baryon enhancement in small systems: Phys Rev Lett 132 081901 (2024)

- X(3872) enhancement in pPb collisions: 2402.14975 (to appear in PRL)

* Conclusions
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Heavy Quark Production %

Opasn+x € f1(x1, Q%) @ fo(xz, Q%) ®G(Q%, x1, x3) @Dy (2)
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Heavy Quark Production %
[onaomix] o £1(1,0%) ® fo(x2 0®) QG (Q% x1, %)|®Dy (2)

* Number of heavy quarks is essentially
e Parton-parton cross sections: calculable by pQCD fixed in early stages of collisions
— _||||| T T T T TTTT1T T LR ] 3 5l T T I|‘| _l T T \Il‘ N
fj; 5 ALICE (total \nch) L ES; 10 g #PHENIX pp, lyl<1.5 A g
|o104:_ —— :#ﬁze:;nmmmmW_) CZ' s — i C OUA1 05, Ivi<i 5 bb ) = + 7
©  F 3O awsex u. 2 3 = - pp. lyl<i. /’ﬁ' _
© - —i— ;:Zz:vxremmary (total unc.) /’$ ] gﬁ I oCDF pﬁ, IyI<O.6 Aﬁ/’///,, -
- % STAR - b 10 — / Q —
HERA-B (pA) = //,/’ |
10°E E E““p‘:’p' g = © - /4/ 3
von g f g e -
L 4 NAI6(pA) /" . - ///// JHEP 05 (2021) 220 -
[ O T ] 1 P 4
‘ = / =
12 . g % ALICE pp s
F K 3 C *b > Dlyl<0.5 dielectron I_1<0.8 7
o f i FONLL  Ob—uw 09 oL I
10 4? 4 10715_ —— NNLO 2p s elyi<0.8 E
= e Ll | 3 C I | L1 | | I | |
10 102 10° 10 107 2x10™ 1 2 3 4567810 20
Is (GeV) Vs (TeV)

0@ Los Alamos Matt Durham - BEACH2024

NATIONAL LABORATORY




Heavy Quark Production

ﬁﬁCb
°< 1(x1,0%) ® f(xy,

2
Ko (Q“,x1,%:)I®Dy(2)
Hadron cross sections: measured at experiments
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* Parton distribution functions: constrained by data '
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Heavy Quark Production

[Gann o]  [fiGer, 09 ® fo(rz, 00| (@7 21, 23)|®Ds ()

ete” - Z - qq event

* Hadron cross sections: measured at experiments
* Parton-parton cross sections: calculable by pQCD
e 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(()CE)(r) =3 + br

4—0—»

Potential between quarks increases until it is
energetically favorable to neutralize color charge by P 4 B
creating more quarks out of vacuum: fragmentation T

QD ao
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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
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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 LI;IC

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

Event dis%@}

5.44 TeV 5.02 TeV
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Vacuum (ete™) Diffuse medium (pp,pA) Inéroasim SN

Event dis%@}

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

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

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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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

14.6.2011 18:57:08
Run 93593 Event [ 179897868 bld 1140
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Modification of b hadronization — strange B mesons %lg

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

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

®

« coalescence should lead to enhanced B yields

PRL 131 061901 (2023)
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* Large mass of b quarks — low b velocity; potential for substantial overlap with other q
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Modification of b hadronization — strange B mesons

iy

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

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 overlap

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

PRL 132 081901 (2024)
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Baryon/meson ratio shows significant p; dependence

iy

¢ 2<y<45 1 Consistent with previous results (semileptonic decays)
t 2<n<5 1 Consistent with pPb results, within large uncertainties

PPb |5y, = 8.16 TeV ]
25<y<35 4
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20 30
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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

5 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)
\ 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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0 10 20 30
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Modification of b hadronization — B baryons %

PRL 132 081901 (2024)
Q 0.8 - r r 1 | Tt Tt 1t T ] T T T ] . . .
5 A LHCH pp s=13TeV 1 Baryon/meson ratio shows significant p; dependence
== 07 '\ ¢ 2<y<45 1 Consistent with previous results (semileptonic decays)
C b 2<n<5 1 Consistent with pPb results, within large uncertainties
C mn PYTHIAS ]
F PPb {syy =8.16TeV 3 compare to Statistical Hadronization Model that uses two
3 29V <39 1 sets of baryons as input:
C ., ¥ 35<y<-25 1 y put:
- L] = ]
- r~ ‘ - * Expanded set of baryons predicted by the
:_ ! "‘HT H"ﬂ‘\-‘? - Relativistic Quark Model
Eu_nu umuuumuu.uuuuu\} ":E\\\H"mmﬂu ﬂs\m—: 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)

(@] 5 T 1 L) L) I ) 1 I I L) L) I
Q 0-75' " LHCb pp \/Elz 13 TeV ' * Baryon/meson ratio shows
<06k £ P:>0 SA4 b _'_ 3 significant multiplicity
© F T ] dependence
OSE ¥ ++++—+——+——+— | E
$ 04F + ++ 4 ¢ Increases by a factor of ~2
— 0.35_ k4 f E ar?d plateaus for coIIisi_on_s_
w F EE+ ] with >2x average multiplicity
L + - . . +H19% A
0.2 -4’-:— + pp—bb + X, global uncertainty: o
0.1F £ ¢ ete—7°—sbb 3 * Reproduce e®e resultas
S = | | | multiplicity approaches zero
’ 2 4VELO VE6LO
Ntracks /<Ntracks >NB

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 — [HCbpp 13TeV (p50) * Baryon/meson ratio shows
07 ! (b) 3 significant multiplicity

CE-SHM (RQM) :
0.6 L~ - - CE-SHM (PDG) + _: dependence

$ 00 : * Increases by a factor of ~2
— EQ 041 and plateaus for collisions
w <03l with >2x average multiplicity

0.2
01k ]

00 : L ] . ] . ] ) ] ) ] ) ] ) ]
0 1 2 3 4 5 6 7

VELO VELO
/ <Ntracks >NB

e Reproduce ete” result as
multiplicity approaches zero

N

tracks

SHM reproduces trend with plateau — all possible baryon states populated at high multiplicity
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Modification of b hadronization — B baryons ch
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* Clear multiplicity dependence at relatively low pr
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Modification of b hadronization — B baryons ch
L
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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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» 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: Phys Rev Lett 131 061901 (2023)

- A, baryon enhancement in small systems: Phys Rev Lett 132 081901 (2024)

- X(3872) enhancement in pPb collisions: 2402.14975 (to appear in PRL)

* Conclusions

NS
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.081901
https://arxiv.org/abs/2402.14975

X(3872) in pPb

arXiv:2402.14975 (to appear in PRL)
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X(3872) in pPb ch
_arXiv:2|402.14975 (tolappear in PRLI) ( ) p %

Losoo LHCb  #pp (s=8TeV,2 "3 _
Z o000 ! ol i ” Buckgomd & [T ! ! ' CMs 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 1 exotic vs conventional hadrons in
5000 = 3 g o f ] .
I a 33‘% 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 E 3 Xlo 7
g 200;; _é o}
1333: ¢ pPb |55y =8.16 TeV, 125 nb™" E » Enhancing effects start to out
50 —b) : : A - 10 3 “ compete breaku p?

~§ :gg: : F mas | L5t 5925 | b0s ] * arXiv:2302.03828
S ss0F = pp pPb Pbp PbPb
$ s00p 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

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

Myyer MVl AMBIGUITY between X(3872) enhancement and 1(2S) suppression
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X(3872) in pPb %I‘a

. . . . c1(3872
. arXiv:2402.14975 (to appear in PRL) Ambiguity lifted by measuring RXc1(3872) _ o 5T
o) I T T T T I T T T T ] .o . . pA - Xc1(3872)
Q:& [ LHCbpPb (s =8.16Tev |  Nuclear modification factors: 208 x o

3 _ —4— 1 (3872) > J/ ynmr_:

-] —#— y(2S) > pu
4 - p,>5GeV/c
3:_ @ ]
2F .
1_ ::_ _______________

ﬂ; —=—

0_ | ! ! ! ! | ! . ! ! | ]

-5 0 5

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

R, : c1(3872
6 arXiv:2402.14975 (to appear in PRL) Ambiguity lifted by measuring R osm) _ o5 (3872)
| I I I I I T T I . o .
%‘i - LHCb pPb \/LE= 8.16TeV 1 nuclear modification factors: g 208 x oyt 7
5p 4 7 (87) > Iy ] Evidence for enha_nce_ment of X(3872) in pPb:
LT 4 yos)» - | Coalescence dominating over breakup?
4r p,>5GeVic =l .
' S _
ol ]
3 B @ -] Y ; ;
Similar mechanism for §‘- i
2k - baryon enhancement could &/} ]
i also increase tetraquark N 7]
1'_:'%_______________‘ production I ]
| —— ] - 5
0 i | 1 L 1 1 | 1 L 1 1 ] ] : :
-5 0 5 I i
First measurement ever of nuclear Y I ]

|
—

modification factor of a tetraquark!
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Summary %

Heavy quarks are extremely versatile for probing non-perturbative QCD

QCD creates a rich spectrum of bound states

Universality of hadronization clearly breaks between different collision systems.

Clear indications of new hadronization mechanisms that are important at
hadron colliders.

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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Belle CollaborationAn enduring pUZZIe: X(3872) %

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

! { from B decays by Belle in 2003
- 300 — P(2S) — « LHCb measured quantum numbers (PRL 110 222001 2013)
3 : - = Incompatible with expected charmonium states
o I 1+ Mass is consistent with sum of D° and D*° masses:
S 200 ~
S 1 (Mpo +Mpo) =M, 3872) =0.07 £ 0.12 MeV//c?
C = .
L%J 100 = X(3872) ]+ Large prompt production fraction (~80%) — potentially inconsistent with D
i 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
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New hadrons discovered at LHC

11.0 . . . . s . . . .
105 - |72 new hadrons at the LHC| 023
S Xb1(3P) C t
64 new hadrons at LHCb | ompac
| tetraquark/pentaquark
7.5
7.0 1 B.(25)* B}(25)* Ty(6900)
© BC(ZS)BD(6350) - TW(GGOO) Diquark—diantiqual’k
6.5 - _ No(6152)° Q5(6340) 2 0 _ L4 PRD 71, 014028 (2005)
(62270 61460 W (8227 mIx(6327)0 . 5 ;
6.0 - Ap(5920)° (5955 B,(5970)*0 h ™ = .Eb(swo)-f(s”” Eztggg%o PLB 662 424 (2008)
' -/\,,(5912)0 =/ (5935)" 'B,(5840)*'° 3,(6097)* Ns(6070)° B, (6114)°
55 b 35(6097) ~ B; (6063)°
~ -2
o
-~
2 5.0 - - | )
O ® bb X(4700) X(4685) Hadrocharmonium/
= ® bj P(4450)* ® x(4500) P(4457)* @x(2630) . .. A
@ 457 - a0 X(4274) [ asor w4220 @ w39 - adjoint charmonium
g o () cc(_q_q) @140 piazgoy ) PN(4312)* :Tzs1(400°>* .Tsﬂ(woo)u @ PLB 666 344 (2008)
.01 ® ccqq ¥3(3842) ° i PLB 671 82 (2009)
g =+ L X(3960)
@ cccé = Tec(3875)*
351 o cq 0(3327)° B
® cigg D000 br (2860 32853335 R , 0.(3185)° )
301 & bag 3;»‘(3;’7%%’,9 P /\c(z;sm chggg;g B 0723008 oTzoas00 Hadronic Molecules
2.5 1 49 g/g;gg;z. b5 (2760) (43000 ®p,,(2590) 0 |
b = )
W ccqqq PLB 590 209 (2004)
2.0 T T T T T T T T T T T T PRD 77 014029 (2008)
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 PRD 100 0115029(R) (2019)
patrick.koppenburg@cern.ch 2023-08-16 Date of arXiv submission
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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Constraining nPDFs with D mesons

iy

Tom Boettcher
JHEP 1710 (2017)
P SR nNNPDF3.0 EPJC 82 507 (2022) Tues 16:30
~ I~ 208
o B == LHCb LHCb | u Lead “*Pb | | sT
m : EPSO9LO \ SNN =5TeV 14 nNNPDF3.0 (no LHCb D) 14 14
15+ — EPSO9NLO | Lol nNNPDF3.0 Lok Lok
[ ===nCTEQIS N
[ ECGC 10 - 1.0 1.0 s
e
1 - - - g || |
S =T 0.8 0.8F 0.8F —
05T ] 0.6 0.6 0.61
S ‘
Forward Q =10.0 GeV ] jT
00 EE— é E— LI], —— é —— 8I — '1-0 L4p ¢ - n‘]odi':n L4 ¢ ‘lll | L4r I .
P; [GeV/c] 1.2F o8 CL 1.2F [ 2t / \.
_ . / \
 LHCb D meson data: S % LA *.
10 ]} 1.0 1.0 T
significantly more precise than " e = o | , '\‘
. . r OF 8F e s .‘
calculations from older nPDF sets '\ \
. s 0.6 0.6f L 0.6F
* Now included as constraint in Y
updated nPDF sets 10° 10 10T 1002 10T 10 100 10T 10 102 10T 1 107° 100 10 100 0 0T 1

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