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Open Heavy Flavor Physics

Collision Systems:
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e Basic framework of heavy flavor physics for different models
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Heavy Flavor Hadronization

Hadronization

/ Mechanisms \

Fragmentation Coalescence
Resonance
. Equal-Velocit
Lund String Cluster Recombination g y

Recombination
Model

* Generally non-perturbative — no first principle calculations available yet
w Phenomenology: Different models made to describe hadronization
w Large discrepancies among different models — significantly limit our ability to
interpret heavy flavor data
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Fragmentation vs Recombination

Fragmentation Recombination
String Fragmentation ' Q
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Generally for high pr @ Generally for low pr
* Radiate gluons ) * Heavy quark — comoving light quark
* Peterson fragmentation function/FONLL  Significant contribution from the light quark
framework momentum to the hadron momentum
* Applicable in vacuum * Occurin dense color environment
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Hadronchemistry Models

Examples of Hadronization Models
e Statistical Hadronization Model

* Lund String Model

e Quark Coalescence Model

Q — g T-Matrix Schematics

Cao, Sun, Ko Model
Advanced Langevin-
hydrodynamics
framework
Both elastic and inelastic
energy loss
Comprehensive
coalescence model +
PYTHIA Peterson
fragmentation model
Strict energy-momentum
conservation
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Equal Velocity Combination

Heavy and light quarks
as constituent quarks
with equal velocity
approximation to form
color neutral hadrons
Light quark spectra
extracted from light
hadron data

Heavy quark spectra
obtained from FONLL

Applicable to low pr
heavy flavor hadron in pp
and PbPb collisions
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Experimental Observables

Heavy Quark Fragmentation Fraction

L g f(Q - HQ) is a constant 0" | o° | o

I Unity: ZHQf(Q - HQ) =1 s D 0.156

. . . PS 0.44 d 0-156
Particle Production Yield Wil o 0040

Assume only heavy quark fragment into heavy flavor hadrons: Dg,g-H, (z) =0

Heavy quark fragmentation function: Doy, (z)~f(Q — HQ)(S(I — Z)
d3ge d3q@
~ H
prdprdyag ) (Q - Ho) prdprdydd
Heavy quark fragmentation fraction f(Q - HQ): the probability of a heavy quark Q

turning into an open heavy flavor hadron Hy

Heavy flavor hadron spectra:

Direct access to fragmentation fraction mesons
Relative yield measurement to cancel
systematic uncertainties

Strange to non-strange meson ratio
Baryon-to-meson ratio

Require fully reconstructed charm and
beauty hadrons via exclusive decay channels
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Beauty Hadronlzatlon in pp with LHCb
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Fully Reconstructed B mesons with CMS
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* Fully reconstructed B mesons via exclusive decay processes

* Application of machine learning to optimize the cuts based on topological variables
e Excellent tracking and vertexing performance and muon capabilities

* No hadronic particle identification

* First observation of BY in heavy-ion collisions with a significance greater than 5¢
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B) /B* Ratio vs py in PbPb Collisions

* No significant pr dependence within CMS PbPb 5.02 TeV (1.7 nb”

N

uncertainties T o
0.8 015<lyl<24
* Reasonably good agreement with 0.7F PbPb: TAMU ¢ lyl<24 E
. - —PbPb: Langevin (Centrality 0-80%) 1
theoretical models 2 o6l PbPb: EV E
w Both central values and trends 8 TONUN o hh NGh 7 Tev ]
(BO/B* L as py 1) = 0_5;_*<< —e"e‘:LEP f/f, -
o > Cao, Sun, Ko > EVC ;;‘ 0.4F \ =
w Models diverge at very low py %,, o3kl ] —
w Cao, Sun, Ko has the best gooe e
agreement with at high pp 0.2F E
w EVC in pp agrees with LHCb pp 0.1 global uncertainty: + 8.0%

* Systematically above LHCb pp and %" 1|0 | 1|5 2|0 2|5 3|0 3|5 IZCI)I H4|5H 50

references but within about 1.5 ¢ P, (GeV/c)

w |[nconclusive about strangeness enhancement for beauty hadronization in QGP
w- Different \/syy: 5.02 vs 7 TeV — Better to compare with the CMS pp (ongoing)
w Need about 4 times more data to have an observation of > 3¢

w- Coalescence needed: fragmentation alone is insufficient to describe the data
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B /B* Ratio vs Centrality in PbPb Collisions

First centrality dependence measurement

o _ CMS PbPb 5.02 TeV (1.7 nb ™)
w No significant centrality dependence 0'9’””'””"'”"'|”|'”2'l1"""”"""‘ .
: y| < 2. T ]
0.8F 4 PbPb 10 <p_<50 GeVic T .
* Overall good consistency between data 0.7f  —PbPb: Langevin E ;
and theoretical models | o4 6;_ —pf):-LHCb 7 TeV @ _;;_@ :
w Cao, Sun, Ko overall consistenttoour &~ —e'e:LEP 1/, T ]
data in 0 —30% and 0 —90% D 0.5130-90% 0-30%  —0-90%-
w Cao, Sun, Ko overshoots the 50_42_03 i __ O,'fo’_;
peripheral 30 — 90% measurement %030 m I @ E
. 0.2 ﬁ """"""""""""""""""""""""""""""""" + .
* Compatible to LHCb pp and data : : :
within 1.30 0'15_ global uncertainty: +8.0% £ E
|rppand dataareconsistent O'|||||||||||||||||||||||||||||||||||||" ]
: 0 50 100 150 200 250 300 350
w Excellent agreement with pp and N>
part

data with peripheral centrality 30 — 90%
w 1.30 above pp reference at 0 — 30%

Hint of strangeness enhancement of beauty hadronization
w More data from Run 3 and HL-LHC to confirm the conclusion
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Ongoing Efforts at the LHC: CMS and LHCb
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Fully reconstructed B* in pp collisions down to p; = 0 GeV/c

* Inclusive beauty production cross section at the LHC

e Test pQCD calculations

BY/B* or BY/B° over a wide range of py and event multiplicity with high precision
e Study beauty hadronization mechanism

* Test theoretical model calculations
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Future Opportunities: SPHENIX and EIC

SPHENIX Bg Signal Statistics Projection b-hadron production at EIC
via semi-inclusive DIS
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0.08 [Lpp->B, + X — D, and n* Pair Reconstruction
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= V. C .
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= 0.04F Singal Only - Compare
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C D, and ¢ Forced to be PDG
0.02 ) -

* Possible fully reconstructed BY in pp and AuAu with sPHENIX at RHIC energy
* b-hadron measurement in ep and eA at the EIC to study cold nuclear medium
modification on the beauty quark fragmentation function
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Summary

Hadronization is non-perturbative

* No first principle calculation yet available

* Heavy quark hadronization mechanisms: fragmentation and recombination
* Different models to explain heavy quark hadronization

Fully reconstructed b-hadron yield ratios in e*e, pp, and AA collisions

* Investigate beauty hadronization from vacuum to QGP

* Beauty fragmentation fraction vs pr: significant in pp and insignificant in AA
* First observation of fully reconstructed B in AA collisions with CMS

* Theoretical models all reasonably well describe experimental data

* Hint of strangeness enhancement needs to be confirmed

* Coalescence is needed to describe heavy-ion collisions

Outlook

Ongoing differential and precise measurement over B /B™ in pp

e High precision b-hadron measurements in PbPb with Run 3 and HL-LHC data
* b physics program with sPHENIX at RHIC energy

* EIC to study cold nuclear matter effects on beauty hadronization in eA
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Back Up
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QCD Factorization Theorem

S : : lo© ; :
:[PDF(.J'”[}: ,)PDF(J".Z/‘FJ' (—_-[.I'l. To. MR HF FM 5 H, (.3 = PH, ‘."])(..[l};)
dpr dpf

parton distributionl adronisation via

functions pc?gsz 2223::: fragmentation

P,
X1 _P1 = X1P1

o(p1, p2)

* Foundation of perturbative QCD

* Hard processes are perturbatively described by pQCD partonic diagrams

* Soft processes are non-perturbative but can be factorized
* |nitial state dynamics described by parton distribution function (PDF)
* Final state hadronization described by fragmentation function D (z)
 PDFand D(z) are assumed universal

« Applicabletoe*e™, ep, and pp colliders
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Fragmentation Fraction Derivation

e Peterson fragmentation function takes

the form:
1 40
D,°(2) = _
Z[l—l/Z-EQ/(l—Z)] 35
* Heavy quarks generally have a small €y, a0
w Charm: ¢, = 0.03 o5
w Beauty: €, = 0.005 o
a 20
. ForeQ—>O,DgQ (z) » 6(1 —z) and 5
d3g'’e d3o¢
h ~ H
thus prdprdydg f (Q ” Q) praprdydp
 The energy sum rule 5
ZHQ fol DgQ (z)dz = 1 leads to %

D f(@~Hg) =1

&
sPHENIX 16
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b quark Peterson FF

— Delta Function
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QCD Factorization Breaking for Charm Sector
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* Hadronization universality: D(z, Q%) = D +,-(2,Q?) = D¢y (z,Q?) = Dy, (2, Q%)

e Significant enhancement and suppression in pp by ALICE at the LHC

* Broken due to quark coalescence mechanism? Additional dependence on color
charge density: D, (z, Q%) = D, (z,Q%,n()?

* Significant enhancement of Af /D and D7 /DY also observed by STAR at RHIC and
ALICE at the LHC in AA collisionsx
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CMS Detector

1 0
Analysis challenges 15 GeVio < By p, < 20 GeVie

. L Data
» Before selections, B=20672 and S = 26 14001
* Require to obtain significant B to S rejection in order to |
observe B signal in the PbPb data o0
% 800
Boosted Decision Tree Machine Learning Algorithm b
* Excellent Signal/Background separation without ok |
overtraining S
* Arandom BDT > 0.1 selection returns a visible signal LY NS MR SIS XY YORNIPRIO
° 1 3 H : B? mass (GeVi/c ?)
Achieve better than 10° to 1 for the B to S rejection 15 GeVic < B p <20 GeVie
TMVA overtraining check for classifier: BDT TMVA aof : : : : Data
é s_méigﬁall(telstéan'llplé)‘ i I'Sligr{al ‘(tréini‘nglsarlnplle)‘ J : E ‘
% j@ Background (test sample) * Background (training sample) | 25‘
2 [_Kolmogorov-Smirnov test: signal (background) probability = 0.305 (0.006) 7
T 4r B
1 20
1 2 o
Y ~0:2 0 02 ‘°!4I | I°!6I ) 05 .511 '512 5lls 54l515 lsls '517 55 5™
BDT response BY mass (GeV/c %)
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Machine Learning Performance

Analysis challenges

* Before selections, B =20672 and S = 26 ool

* Require to obtain significant B to S rejection in order to o’
observe B signal in the PbPb data 000

Boosted Decision Tree Machine Learning Algorithm OZZZ

* Excellent Signal/Background separation without wl
overtraining "

* Arandom BDT > 0.1 selection returns a visible signal b

15 GeV/c < By p_ < 20 GeVic

Data

'IIIIIEIIllllillllllllillllILEIIIIIEIIIILIIIIIIIlllI

5 51 52 53 54 55 56 57 58 59 6

* Achieve better than 103 to 1 for the B to S rejection

(1/N) dN / dx

TMVA overtraining check for classifier: BDT

TMVA 30 Data
5 _‘m éigﬁal K(telst éan'llplé) EHE Sligr{al ttréinihg Isarlnplle)‘ ‘ : N
j@ Background (test sample) * Background (training sample) | o5 r
[_Kolmogorov-Smirnov test: signal (background) probability = 0.305 (0.006) 7
S0 .
i 20
18 @
3 + —3 g
. g 8 15
2 15 -
° 10
+ 18 C
1— T r
i ﬁ, 5
18 L
8 —H= L
o
g Soa e AT T AR T POT N TR O
=0 e v v v Ly N TR RTINS TR T

BDT response

B? mass (GeV/c 2)

15 GeV/c < By p_ < 20 GeV/c

B mass (GeV/c 2)
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Fully Reconstructed BY with CMS at the LHC

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
A Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive

|~ PRESHOWER
Silicon strips ~16m?

16m> ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC '\ '
CALORIMETER (ECAL) >

~76,000 scintillating PbWO, crystal .

* N \ X \\\*.f\ %
NN
NS \

00 scintil

/ N
HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

N

Fully reconstructed B mesons from decay chain involve | /1

Take advantage of excellent muon and tracking capabilities

Not using hadronic particle identification or calorimeter information
Constrain intermediate state resonances to improve the results
Apply multivariate approach with machine learning techniques
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Analysis Strategies

« B:viathe decay channel B* - J/YK* - u*u K"
* Branching ratio = 6.03 x 10

QGP Decay

H "
> >
%? @®—
b quarks — B mesons
K

Secondary Vertex
Primary Vertex ct = O(500) um

—> B+

Statistically enriched
and dedicated dimuon

triggered datasets from
 BY: using the decay channel B = J /¢ - ntu " K*K- 2018 LHC PbPb run
* Branching ratio =3.17 x 10

QGP

Decay U -
% !? > . .
b guarks = B mesons

Secondary Vertex
Primary Vertex ct = 0(500) pum
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