









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Quark-Gluon Plasma Eiger North Face or Mekka for Theorists ?



Berndt Mueller Brookhaven National Laboratory & Duke University



NCCU 25-26 Sept 2015



Three things are needed… …to reach the peak: good equipment, strategy, determination.



• • • • • •



High luminosity colliders Large acceptance, high DAQ rate detectors with good particle ID Realistic lattice QCD for thermodynamic quantities Realistic transport codes Weak (pQCD) and strong (AdS/CFT) coupling dynamical models Multivariate model-data comparison



After 3 decades of experimental and theoretical development, all tools are (nearly) in place. Success is within our reach.
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Relativistic Heavy Ion Collider(s) Providing the Equipment for the Climb
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Exploring the Phases of Nuclear Matter RHIC:  Spans  largest  swath  of  the  phase   diagram  in  the  preferred  collider  mode.   Many  collisions  systems  possible.   LHC:  High  energy  collider  at  CERN  with   13.8  -‐  27.5  Gmes  higher  beam  energy.   Pb+Pb,  p+Pb,  p+p  collisions  only.   SPS:  Fixed  target  program  covering  the   HG-‐QGP  transiGon  region.  



Range of matter explored at RHIC



Range of matter explored at RHIC (location unknown)



FAIR  &  NICA:  Planned  European   faciliGes  at  lower  energies. SPS



(location unknown) In te rn al fix ed ta rg e



RHIC has defined an eight-run-year program to complete its scientific mission. We just completed Year 2.
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t?



Atomic nuclei



RHIC gets better and better… Au+Au integrated luminosity in Run-14 exceeded all previous Au+Au runs combined
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RHIC: Recent Detector Upgrades Fully reconstruct open charm/beauty hadrons with displaced vertex



Muon Telescope Detector (STAR)



Enhances triggering capabilities for heavy quarkonia



STAR HFT



800 STAR Preliminary Au+Au sNN = 200 GeV RHIC Run 2014
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Counts (per 10 MeV/c2)



Completed on schedule and below cost



Muon Piston Calorimeter extension
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Critical for transverse  spin physics Run15



PHENIX 6



STAR  Upgrades  and  Performance  Enhancements Incremental  upgrades/enhancements  can  have  big  impact!   Trigger/DAQ  x2  throughput  



Roman  Pots  (2015)  Tag  diffractive  protons FMS+FPS



iTPC  upgrade  (2018)  Replace  inner  TPC  Sectors   Extend  rapidity  coverage   Better  particle  ID   Low  pT  coverage



HCAL



FMS  +  pre-‐shower  (2015)              Refurbished  HCAL  (2016-‐-‐2020)  AN  photon,  jets,  Drell-‐Yan;  ridge,  fluctuation,  spectators



Event  Plane  Detector  (2018)   Improved  Event  Plane  Resolution   Centrality  definition   Improved  trigger     Background  7rejection



Equation of State of QCD Matter Climbing the Eiger North Face The Lattice Route
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QCD EOS at μB = 0 Results (true quark masses, continuum extrapolated) have converged; full agreement found between groups (HotQCD, Wuppertal-Budapest) using different quark actions.
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(Pseudo-) Critical



temperature



Transition between hadron gas and quark-gluon plasma is a cross-over at µB = 0 and for small µB. Precise value of Tc depends on the quantity used to define it. Pseudo-critical temperature from chiral susceptibility peak: Tc = 154 ± 9 MeV



Uncertainty in Tc, not width of cross-over region!



10



QCD EOS at μB ≠ 0



Borszanyi et al., arXiv:1204:6710



Approximate trajectories in QCD phase diagram



11



Quark-Gluon Plasma Climbing the Eiger North Face The Hydrodynamics Route Catching a Glimpse of Mekka from Half-Way Up
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Standard model of the “Little Bang” initial state



hadronic phase and freeze-out



QGP and hydrodynamic expansion



theoretically under control pre-equilibrium



CGC



“Glasma”



hadronization



Hydrodynamics



Fields carried by moving sources interact Color Glass spectrum non-linearly and generate classical Condensate of gluonic modes. This requires numerical solution of YM eqs. with CGC initial cond’s.



Hadronic gas



Krasnitz-Nara-Venugopalan, Lappi, Gelis



Glasma



Saturation scale



Qs2 ∼ x − λ A1/3 13



Perfect fluidity: η/s Gluon density fluctuations



LHC



Nucleon density fluctuations



RHIC



η/s determination from data depends on assumption of the the scale of graininess of the density of the colliding nuclei. Nucleon size (~1 fm) or gluon saturation scale (1/Qs ~ 0.1 fm) ?



QGP @ RHIC is more strongly coupled than QGP@ LHC. 14



Quark number scaling of v2 1 M Q ⎛ pt ⎞ v2 ( pt ) = v2 ⎜ ⎟ ⎝ 2⎠ 2



1 B Q ⎛ pt ⎞ v2 ( pt ) = v2 ⎜ ⎟ ⎝ 3⎠ 3 Forthcoming STAR manuscript:



Emitting medium is composed of unconfined, flowing quarks.



Elliptic flow values for identified particles at mid-rapidity in Au+Au collisions measured by the STAR experiment in the Beam Energy Scan at the BNL Relativistic Heavy Ion Collider at √sNN = 7.7−62.4 GeV are presented for three centrality classes. Except at the lowest beam energies we observe a similar relative v2 baryon-meson splitting for all centrality classes which is in agreement within 15% with the number-of-constituent quark scaling.
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Shape engineering: U+U collisions



IP-Glasma model, but not NN Glauber model consistent with the observations. → Initial state fluctuations occur at the parton level 16



Jet quenching Toward quantitative measurement of basic medium properties: q-hat q



T



q



dE = −C2 eˆ dx Collisional



dE = −C2α s qˆ L dx Radiative



JET Collaboration



qˆ ⎧ 4.6 ± 1.2 at RHIC =⎨ 3 T ⎩ 3.7 ± 1.4 at LHC Phys. Rev. C 90 (2014) 014909



QGP @ RHIC is slightly more strongly coupled than QGP@ LHC. 17



Quarkonium “melting” Color screening



Ionization



All charmonium states melt in the QGP but can be regenerated by recombination when the charm quark density is high (at LHC).



Recombination



Resolved measurement of Upsilon states required at RHIC. 18



Dileptons: Chiral symmetry restoration • Observed excess at low mass consistent with broadening ρ and chiral symmetry restoration • Observing chiral symmetry restoration from dileptons:   hadronic structure (vector meson peaks) dissolves into continuous thermal distribution • Need to subtract dominant charm contributions to isolate thermal QGP radiation



LMR



ρàe+e-



IMR q qàl+l-



• Will be measured as function of beam energy J/Ψ, DY, ϒ(1,2,3)



Phys. Rev. Lett, 113 (2014) 022301 19



Summary: Main Discoveries § When liquid cold nuclear matter is heated, it turns into vapor (nucleon/hadron gas) at approximately 100 billion degrees. But when heated to twenty times this temperature (2 trillion degrees), it suddenly turns into a liquid again, in fact, into the most perfect liquid ever observed.



§ The liquid is a plasma containing individually flowing quarks, not quarks bound into baryons and mesons: It is a quark-gluon plasma.



§ Fast quarks and gluons moving through the QGP rapidly lose energy, causing the resulting jets to be strongly quenched.



§ Light quarks (u,d,s) are completely thermalized in the QGP; these valence quarks recombine during hadronization.



§ Heavy quark bound states (J/ψ, Υ') “melt” in the QGP because of color screening and thermal ionization. RHIC and LHC data together provide evidence that charm quarks can recombine when the QGP hadronizes, adding to the evidence for quark deconfinement.
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Ascent to the Peak Completing the Pilgrimage



21



Many New Questions § Do the initial conditions for the hydrodynamic expansion contain



unambiguous information about saturated gluon fields in nuclei?



§ Is QGP equilibration the result of dynamical chaos in a weakly



coupled glasma, or is it the result of inherently strong coupling?



§ What is the smallest collision system that behaves collectively? § What does the QCD phase diagram look like? Does it contain a



critical point in the HG-QGP transition region? Does the HG-QGP transition become a first-order phase transition for large µB?



§ What is the structure of the strongly coupled QGP at varying length scales? What makes it a liquid?



§ Can we quantitatively deduce the properties that characterize the QGP by comparing simulations with the data?
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How small can a QGP droplet be?



arXiv: 1404.7461v1



Very successful 3-week run resulted in 2.2 billion recorded minimum bias 3He+Au collisions (PHENIX)



RHIC  3He+Au



Characteristic differential elliptic flow for hadrons of different mass



Evidence for strong coupling? 23



Heavy quarks probes Suppression of mesons carrying open heavy flavor = energy loss of heavy quarks (c, b) explores mechanism of energy loss via medium color response.



Charm RAA and elliptic flow



Spectrum of heavy quarks is important for predicting c-cbar recombination.



c



Δφ



c



Different mass quarks make it possible to distinguish different energy loss scenarios
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Initial conditions for A+A collisions ❑ unique RHIC capability: p↑A ❑ Synergy between CGC based theory and transverse spin physics ❑ Is AN suppressed with increasing A?



PHENIX



à first results run-15



STAR



Direct photon measurements can help separate strong interactions in entrance and exit channel in p+A collisions RpA at 3


Critical fluctuations in BES-II 2760
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The Phases of QCD
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Possible  Scenario   Near  Critical  Point



Color Superconductor 1200
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Baryon Chemical Potential μB(MeV) Top 5% Au+Au Collisions at RHIC TPC
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Net-proton k*σ2



Temperature (MeV)
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Model independent structure of net baryon number kurtosis



iTPC



STAR 7.7GeV Data 0.4 < pT < 2 GeV/c



STAR 19.6GeV Data



iTPC



0.4 < pT < 2 GeV/c



0.4 < pT < 0.8 GeV/c
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Estimated BES-II Error
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The overarching scientific question: How  do  asympto,cally  free  quarks  and  gluons     create  the  near-‐perfect  liquidity  of  the  QGP?   or   What  degrees  of  freedom     not  manifest  in  the  QCD  Lagrangian     produce  the  near-‐perfect  liquidity  of  the  QGP?



The (experimental) answer: Deploy  probes  with  a  resolu,on  that  reaches  well  below   the  thermal    ~  1  fm  scale  of  the  bulk:   Jets  &  Upsilon  states 27
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Jets probe sub-thermal length scales



Υ(1s)



Upsilon states probe thermal length scales
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How does the perfect fluidity of the QGP emerge from the asymptotically free theory of QCD?



sPHENIX



2Tc



3Tc



temperature 28



“Rutherford” meets QGP At what scale do discrete scattering centers “dissolve” into a collectively acting, ccontinuous medium? Point-like scattering centers: 1/kT4 tail



microscopic resolving power [1/fm]



sPHENIX will sample 0.6 trillion collisions! 50



sPHENIX



10x more than is possible at LHC
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Quasi-continuous medium: Gaussian
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The Strategy
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Completing the RHIC science mission STAR HFT



Status: RHIC-II configuration is complete • Vertex detectors in STAR (HFT) and PHENIX • Luminosity reaches 25x design luminosity



Plan: Complete the RHIC mission in 3 campaigns:



§ 2014–17: Heavy flavor probes of the QGP using the micro-vertex detectors; Transverse spin physics



§ 2018: Install low energy e-cooling § 2019/20: High precision scan of the QCD phase diagram & search for critical point



§ Install sPHENIX § Probe QGP with precision measurements of jet quenching and Upsilon suppression



§ Spin physics and initial conditions at forward



NIX sPHE



rapidities with p+p and p+A collisions ?



§ Transition to eRHIC
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LEReC



Discovery by model-data comparison Data:



Model: initial conditions, τ0, η/s, ζ/s, ….



ALICE



102 ATLAS 10



pT>0.5 GeV, |η|


Pb+Pb



sNN=2.76 TeV Lint = 7 µb-1



10



Glauber 20-25%



pT>0.5 GeV, |η|


ATLAS Pb+Pb



ATLAS Pb+Pb



sNN=2.76 TeV



sNN=2.76 TeV



Lint = 7 µb-1



Lint = 7 µb-1
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pT>0.5 GeV, |η|
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32 extracted QGP properties: η/s, …
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Hot QCD matter properties Which properties of hot QCD matter can we hope to determine and how ? Easy for LQCD



Very Hard for LQCD



Hard for LQCD Easy for LQCD



Tµν



⇔ ε , p, s



η=



1 d 4 x Txy (x)Txy (0) ∫ T



Equation of state: spectra, coll. flow, fluctuations



Shear viscosity: anisotropic collective flow



⎫ ⎪ ⎪ 2 ⎪ 4π α s C R − † − a+ − a+ eˆ = dy iU ∂ A (y )UA (0) ⎬ N c2 − 1 ∫ ⎪ ⎪ 4πα s † a0i a b0i b κ= d τ U F ( τ )t UF (0)t ⎪ 3N c ∫ ⎭ 4π 2α sC R − † a+i − a+ qˆ = dy U F (y )UF (0) i 2 Nc − 1 ∫



µν Πem (k) = ∫ d 4 x eikx j µ (x) j ν (0)



1 ln U †E a (x)UE a (0) |x|→∞ | x |



mD = − lim



Momentum/energy diffusion: parton energy loss, jet fragmentation



QGP Radiance: Lepton pairs, photons



Color screening: Quarkonium states 33



Flow Analysis of QGP Properties at the LHC Data: • ALICE v2, v3 & v4 flow cumulants • identified particle spectra • identified particle mean pT Model: • EbE VISHNU Parameter Space: • Trento initial condition: • p: entropy deposition • k: nucleon fluctuation • w: Gaussian nucleon width • specific shear viscosity η/s slope and intercept at TC • normalization scale for ζ/s • hydro to micro switching temperature Tsw



Posterior: emulator predictions for Key Results: highest likelihood parameter values • excellent agreement with data, simultaneous description of v2, v3 and v4 data • initial condition favors scaling properties of IP-Glasma • non-zero bulk viscosity • temperature dependence of η/s requires data at several beam energies to pin down



Analysis Design: • 6 centrality bins • 300 point Latin Hypercube • total of 10,000,000 events • Gaussian Process Emulators for interpolation between LH points use MCMC for analysis
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Calibrated posterior distributions:



Explicit model calculations (no emulator):



J. Bernhard S. Moreland S.A. Bass



Temperature-dependent viscosities from the calibrated posterior:
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What RHIC will deliver § Campaign 1 (2014-17): • QCD equation of state at µB ≈ 0 • Precision measurement of η/s(T≈Tc) • Measurement of heavy quark diffusion constant Dc/b • Measurement of x-dependence of nuclear granularity • Origin of single spin asymmetries • Δg, flavor dependence of spin in the quark sea



§ Campaign 2 (2019-20): • QCD equation of state at µB > 0 • Discovery of the QCD critical point, if within the accessible range



§ Campaign 3 (2021-22): • Precision measurement of q^(T≈Tc) and e^(T≈Tc) • Determine length scale where the QGP becomes a liquid • Many additional insights we can’t even anticipate yet ! 36



Instead of a summary Miklos - Thank you for your work leading the HI community to a position from which a final ascent to the peak is within reach …



… and for inspiring many of the young physicists who will reach the peak and enjoy the Mekka.
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Additional slides



38



t (time)



Space-time evolution



z (beam axis) 39



How small can a QGP be?



Ncl



saturation scale



N cl Q ∝ 2 πL



mean free path



ℓ mfp ∝ Qs −1



final multiplicity



dN / dy ∝ N cl



2L Size scales out of Reynolds number:



2 s



Basar & Teaney, 1312.6770



ℓ mfp 1 1 Re = ∝ ∝ L Qs L dN / dy



This does not mean that hydrodynamics applies for a given dN/dy, but it suggests that the transport is independent of size. 40



Low Energy e-Cooling for Au+Au Cooling of low energy heavy ion beams (3.8–10 GeV/n) with bunched electron beam increases luminosity by up factor 10 Enables a QCD critical point search with a high statistics Beam Energy Scan Use either SRF electron gun or Cornell DC electron gun (for risk mitigation) and existing SRF cavity for cost effective implementation Stage 1: √sNN ≤ 10 GeV; stage 2: √sNN ≤ 20 GeV Cost: $8.3M (stage 1) Complete installation in 2018, use in low energy RHIC runs in 2019-20
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BES-II luminosity
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sPHENIX exploded view
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BaBar magnet @ BNL
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sPHENIX Cost/Schedule § § § § § § §



Science review July 2014 Science review follow-up 30 April 2015 PHENIX ends data taking after Run 16 BaBar magnet high-field test in mid 2016 sPHENIX construction start in mid 2017 sPHENIX installation: 2018 − 2020 First RHIC run with sPHENIX in FY2021



§ TPC: $55-60M (FY15$) § Sources: Redirected RHIC operations funds • Expt. ops (PHENIX 2017-20), RHIC incremental run costs (2018) • Japanese funds for Si tracking
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LEReC-I (1.6-2MeV): Gun to dump SRF gun used as a booster cavity 64 m



IP2



Beam dump



e-



e-



DC 704 MHz 5-cell 9MHz gun SRF gun  704 MHz converted SRF cavity to booster cavity



e704 MHz warm cavity



180 deg. bending magnet



2.1 GHz warm cavity
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LEReC-II (energy upgrade to 5 MeV): ERL mode of operation 64 m



IP2 Several possibilities for the return pass are possible (TBD).



eBeam dump



eeDC 704 MHz 5-cell 9MHz gun SRF gun  704 MHz converted SRF cavity to booster cavity



704 MHz warm cavity



180 deg. bending magnet



2.1 GHz warm cavity
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sPHENIX installation scheme



Outer HCal + Magnet



Inner HCal + EMCal



4/12/15 March 25, 2015



PMG            Ed  O'Brien sPHENIX Calorimeter Electronics Review
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Edward O'Brien
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