PHENIX:

Current Results and Future Capabilities for Heavy Flavor Production in Relativistic Heavy Ion Collisions

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Alternative Title

PHENIX: A Charming Experiment With Beautiful Possibilities

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Outline

• Why heavy flavor?

• An introduction to PHENIX • Results from Run-1 • What to expect from Run-2 • Long-term strategy

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

What’s in a Name?

P^{ioneering} H^{igh} E^{nergy} N uclear I nteraction e X^{periment}

P hotons H adrons E^{lectrons (and Muons)} N uclear I nteraction e X^{periment}

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

How To Hunt For The QGP?

• PHENIX Goal: Measure as many signatures as possible simultaneously vs. several independent variables.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Status Of The Hunt

PRL 86 (2001) 3500 PRL 87 (2001) 052301 PRL 88 (2002) 242301 nucl-ex 0204007 PRL 88 (2002) 192303 PRL 88 (2002) 022301 PRL 88 (2002) 192302 nucl-ex/0204005 nucl-ex/0203015 nucl-ex/0203014

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Why Is Heavy Flavor Interesting?

• Heavy quarks are heavy — so they are reliable probes of early, hard-scattering stages in a collision.

• Pre-equilibrium heavy flavor production probes initial parton densities and equilibration time.

Levai, Muller, Wang PRC 51 (1995) 3326.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Why Is Heavy Flavor Interesting?

• Heavy quarks are heavy - so, they are predicted to have different energy loss characteristics in a QGP.

• This would manifest itself as different quenching behavior vs. p_T for heavy and light quarks.

Dokshitzer and Kharzeev, Phys. Lett. B519 (2001) 199-206.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Why Is Heavy Flavor Interesting?

NA50, Phys. Lett. B477 (2000) 28.

• Heavy flavor is needed to form “onia” — one of the marquis signatures of QGP formation.

• Charmonia have been explored at the SPS. At RHIC we will observe production in a wide range of systems and also explore bottomonia production - an important control.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

We Need A Time Machine

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

RHIC Is That Time Machine

RHIC designed to take a full systematic measurement set: • Capable of pp, pA, AA, where A ≤ 197. • ≈ 20 < √ s_{NN} (GeV) < 200 (500 GeV for pp).

• L^{design}_{AuAu} = 2 × 10^{26} cm^{−2}sec^{−1} (L^{RHIC−II}_{AuAu} = 7 × 10^{27} cm^{−2}sec^{−1}) • L^{design}_{pp} = 5.6×10^{30} cm^{−2}sec^{−1} (L^{RHIC−II(200GeV )} pp = 1.6×10^{32} cm^{−2}sec^{−1})

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

RHIC Is BIG

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Needles In A Haystack

PRL 86 (2001) 3500

• That’s 160 tracks into half (δϕ = π/2, |η| < 0.35) of the PHENIX acceptance!

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX Rising

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX — An Artist’s Conception

• Global detectors (Multiplicity/Vertex Detector, Beam-Beam Counters, Zero-Degree Calorimeters) to measure vertex, centrality.

• Two y = 0 spectrometers to measure photons, electrons, hadrons. • Two forward-rapidity muon spectrometers.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX — Acceptance

Central (Electron) Arms Forward (Muon) Arms J/Ψ Acceptance 0.8% B_{ee}σ 8.6% B_{μμ}σ Υ Acceptance 1.7% B_{ee}σ 6.0% B_{μμ}σ J/Ψ resolution 20 MeV 105 MeV Υ resolution 160 MeV 180 MeV

“You can measure all of the particles some of the time (STAR), or some of the particles all of the time (PHENIX).”

Vince Cianciolo (Oak Ridge National Lab),

for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX — Di-lepton Relative Yields

Central Arms

Muon Arms

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX — Skeleton

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX — Flesh and Muscle

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX — Muon Muscles

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

RHIC’s Flexibility — A DAQ Challenge

• Interaction rates and event sizes vary over ×1000 from pp to AuAu. • In order to take full advantage of available luminosity for all species multiple levels of event selection (triggering) are required.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Needed: Flexible, Intelligent Triggering

• Bottom Line – PHENIX is designed to be a high-rate experiment. We can digitize and store an event every 80 μsec, and we store data at a rate of 35 MB/sec (integrates to 1 Petabyte per year).

– Still, RHIC makes many more collisions then we can possibly write to tape or analyze → we pick the good ones (triggering).

• Level-1

– Goal – make very fast (4 μsec) decision that event is interesting, reducing event rate below 12.5 kHz.

– Uses only a subset of the detector.

– Typical algorithm — search for EMCAL cluster/RICH ring match. – Especially important for pp with the highest event rates.

• Level-2

– Goal — Make fast decision (80μsec × N_{CP U} ) decision that event is interesting, reducing data rate below 35 MB/sec.

– Can use data from entire detector.

– Typical algorithm — Select di-leptons with J/ΨM_{inv} mass cut. – Especially important for AuAu due to large event size. – Note — also critical to reduce event size → 0-suppression, online calibrations required.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PHENIX — A Worldwide Collaboration

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Look At All Those Smiling Faces!!

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Run-1 Electron Measurement

• Run-1 (Year 2000) single-electron dataset is comprised of 1.23 M AuAu collisions ( √ s_{NN} = 130 GeV, z_{vertex} < 30 cm).

• z_{vertex} cut assures that interaction occured within magnet nosecones.

• Note: L^{int}_{AuAu} = 0.17μb^{−1} (14 minutes at L^{design}_{AuAu} ).

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Electron Identification

• The challenge - electron/hadron separation at a level of 10^{−4} • The answer - a multi-pronged attack.

– PC (3D hits → pattern recognition) – DC (High precision projective (2D) position information → tracking, momentum determination) – RICH (p_{min}(π) = 4 GeV/c → electron ID) – EMCAL (Energy measurement, vertex electron (E/p ≈ 1) ID)

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Raw Electron Spectrum

PRL 88 (2002) 192303

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Electron Sources

• “Background” – π^0 → e^+e^−γ (Dalitz) and

π^0 → γγ → e^+e^−γ (external conversion).

∗ ≈ 80% of background.

∗ Proportional to pions (well-measured by PHENIX). ∗ Conversion ≈ 1.9 × Dalitz in PHENIX.

– η → e^+e^−γ (Dalitz) and

η → γγ → e^+e^−γ (external conversion).

∗ ≈ 20% of π^0 contribution at high p_T .

– Other small contributors:

∗ Dalitz decays of η^′, ω, ϕ. ∗ Di-electron decays of ρ, ω, ϕ. ∗ Kaon decays.

• “Signal”

– Decay of charm mesons. – Decay of bottom mesons. – Thermal di-leptons.

– Conversion of direct photons.

Vince Cianciolo (Oak Ridge National Lab),

for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Hadronic Backgrounds

• “Trivial” background dominated ( 80%) by π^0.

• Backgrounds calculated with a hadronic decay generator.

• Input π p_T spectrum is tuned to PHENIX π^{±,0} measurement.

• Other hadron (h) input spectra obtained via p_T →^√p^2_T + m^2_h − m^2_π.

• K^± and p^± spectra agree with this scaling to w/i 20%.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Conversion Electrons

• Identify conversion electrons through orientation of pair decay angle relative to B-field.

• Conversion at r ≠ 0 gives false mass → good check that we understand non-direct sources of e^±.

• MC and Data agree fairly well in distribution and magnitude.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Contribution Above “Background” Sources

PRL 88 (2002) 192303 • Sum of fractional “background” sources in bottom panel = 1.

• These summed contributions form unit-level in top panel.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

PYTHIA and Charm

• PYTHIA parameters tuned to reproduce fixed target charm and single electron cross-sections and p_T distributions. – PYTHIA 6.152+CTEQ5L – m_c = 1.25 GeV/c – K = 3.5 – < k_T >= 1.5 GeV/c • With these parameters, σ(pp → cc̄) = 330 μb.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Electron Yield Minus “Background” - The Charm Hypothesis

PRL 88 (2002) 192303

• Charm contribution shown: EdN_e/dp^3 = T_{AA}Edσ/dp^3 — Not a fit!

• T_{AA} nuclear overlap integral; Edσ/dp^3 PYTHIA charm-decay e^±.

• Also shown are the bottom contribution from an analagous calculation and a calculation for direct photons. Both are relatively small and are ignored in a fit of σ_{cc̄} to the minimum bias and central datasets.

Vince Cianciolo (Oak Ridge National Lab),

for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

σcc̄ Scaling With Nbinary Charm cross section per NN collision derived from the single electron data for central (0-10%) and minimum bias (0-92%) collisions. The first and second errors are statistical and systematic, respectively.

Centrality T_{AA}(mb^{−1}) dσ_{cc̄}/dy|_{y=0}(μb) σ_{cc̄}(μb) 0-10% 22.6 ± 1.6(sys.) 97 ± 13 ± 49 380 ± 60 ± 200 0-92% 6.2 ± 0.4(sys.) 107 ± 8 ± 63 420 ± 33 ± 250

PRL 88 (2002) 192303

• Central and minimum bias are consistent with each other and with pp if we assume that N_{binary} is OK.

Vince Cianciolo (Oak Ridge National Lab),

for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

High-pT Hadrons (Not) Scaling With Nbinary

PRL 88 (2002) 022301

• Hadrons w/ p_T > 2 GeV/c (nominal hard-scattering scale from pp) are not only not enhanced above N_{binary} sccaling by Cronin effect; they are significantly suppressed.

Vince Cianciolo (Oak Ridge National Lab), for the PHENIX Collaboration ECT* Charm Workshop 17-22 June, 2002

Run-2 Configuration