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IN-MEDIUM HEAVY QQBAR SPECTRAL PROPERTIES FROM LATTICE QCD EFTS

Motivation: Heavy-lon Collisions
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= Hard probes: susceptible to medium but distinguishable from it Q> Treq

probe

Bound states of c¢ or bb: Heavy quarkonium Mo>T ed

In vacuum: mY=9.460GeV, I'" = 54(1)keV; m'¥=3.096 GeV, /¥ = 93(3)keV

PbPb 351 ub™" (5.02 TeV)
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= Goal: First principles insight into heavy quarkonium in heavy-ion collisions
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IN-MEDIUM HEAVY QQBAR SPECTRAL PROPERTIES FROM LATTICE QCD EFTS

A first-principles scenario

3

thermal medium
from lattice QCD

T. Matsui and H. Satz: Phys.Lett. BI78 (1986) 416

Kinetically equilibrated heavy quarks

presence of in-medium bound eigenstates?

answered by inspecting spectral functions
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Realistic ensembles by HotQCD
48312 m_=161MeV T,=159MeV

Fixed box: B=6.664-7.825
T=[140-407] MeV

T=0 configs for calibration 483x48,64

HotQCD PRDS5 (2012) 054503, PRD90 (2014) 094503
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Heavy Quarks on the Lattice S

= Effective field theory from scale separation: QD 1 L 1, P«
maq maq maq

o Relativistic thermal

© field theory — NEQCD [ B
=8 Dirac fields Pauli fields NRQCD =
ES _ T(x X , D?
Qi) QX DX X (D 50 4+ 2l ()
13 &%), &(x) 1 ?

> v _

a(x), q(x), A*(x) g vl

= Individual Q or anti-Q in a medium background: Initial value problem G(T)=<x(T)Xx'(0)>

2
Piat n adaptive discretization in time

G(x,T+a)=U(x,7)(1— -t 4+ \'G(x, T P

(x, 7+ a) a(% )( 4Mgan * ) (x,7) with Lepage parameter n

= 35, (Y) and 3P, (x,,) channel correlators D(t) from products of heavy quark propagators G(t)

D(1) = Y (0(%1)Gx0"(x0,T0)Glc)mea  OCS1x,7) =01, OCP1;x,7) = Ao — Aoy

X

= Applicability of NRQCD differs for heavier and lighter flavors (bb: n=4, cc:n=8)
Mya=[2.759-0.954 ] - T=[ 140 — 407] MeV M.a=[0.757-0.42] -T=[ 140 - 251] MeV
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T=0 correlators in NRQCD
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= For both Bottomonium and Charmonium clear ground state signal at T=0
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Accessing spectral functions
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|.N,, parameters p, >> N. datapoints

—2Mg 2.data D, has finite precision

= Give meaning to problem by incorporating prior knowledge: Bayesian approach
M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)

= Bayes theorem: Regularize the naive x2 functional P[D|p] through a prior P[p|l]
PlpID, I} o< P[Dlp] Plpl1]

= New prior enforces: p positive definite, smoothness of p, result independent of units

P[pu] x eS S = OCZ Awy (1 — —|—log[ 1]) PRLIIYI.B(;?:?)’?.BFT.IBZOM

= Different from Maximum Entropy Method: S not entropy, no more flat directions

&
—_Plp|D, 1 —0
5o lpID, 1]

p=pBR
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An improved Bayesian strategy
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" First lever: improve the data on which inverse problem is based

D(7) :J - dwe "p(w) Fourier D(u) = Jm dwz—wzp(w)
—2Mq

= Improvement: incorporate both Euclidean and imaginary frequency data in unfolding

= Second lever: develop improved regulators to better assess systematics

Standard BR method (zrr1) New low ringing BR method
Spr =« dw(]—ﬂ—l—lo [BD lr op |2 P P
= Resolves narrow peaked structures = Introduces penalty on arc length of
with high accuracy reconstruction (dL/dw)?=1+(dp/dw)?
= Ringing in broad structures if recon- = Efficiently removes ringing but may
structed from small # of datapoints lead to overestimated peak widths
,,high gain — high noise" »low gain — low noise*
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Calibrating Bayesian spectra at T=0t} S 4

10, 10;
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Taking control of systematics |
SFB1225
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= The “high-gain” BR method resolves the T=0 ground state very well from N_=48-64 points

= How does accuracy suffer from limited available information at T>0 (N.=12) ?

Systematic shift of peaks to higher frequencies, as well as broadening.

needs to be accounted for when analyzing T>0 spectra
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Taking control of systematics |l
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Free B=6.664 Bottomonium T=0 B=6.664 Bottomonium
10¢
— BREFBRWFgain'
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= Standard “high-gain” BR on small (N.=12) simulation datasets suffers from ringing

= New “low-gain” BR removes ringing from reconstructed analytic free spectra at low w
= New ”low-gain” BR method still identifies presence of peaks encoded in data

® Strategy: - Test with “low-gain” reconstruction whether peaks are genuine
- Use “high-gain” reconstruction to extract peak features, e.g. position
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T>0 effects in QQ correlators
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= Upsilon shows non-monoto-
nous behavior around T~T

(bb 3S1 channel contains most excited states)

= Hierarchical T>0 modification
w.r.t. vacuum binding energy
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NRQCD S-wave spectra at T>0
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= Ground state well resolved and well separated from higher lying structures

® Combining Euclidean and imaginary frequency data reduces ringing at large w

=  Gradual broadening and shifting of lowest lying peak visible
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Presence of ground state signals?
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= New “low-gain” BR method shows gradual weakening of ground state signal

= At highest temperature in individual channels: weak ground state remnants remain visible

Upsilon signal up to T=407MeV Faint J/U signal up to T=251MeV
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In-medium S-wave mass shifts
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= Naive inspection of in-medium modification appears to show increasing masses

= BR method systematics: Low number of datapoints introduces shifts to larger masses

®  Actual in-medium effect: lowering of bound state mass, consistent with potential studies
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NRQCD P-wave spectra at T>0
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= Lower signal to noise ratio in underlying correlators makes reconstruction less precise

®  Ground state well resolved and well separated from higher lying structures

=  Gradual broadening and shifting of lowest lying peak visible
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Survival of ground state signals?

NelellZ\Ni§

gl
il

E M@M SFB1225
05 [IBTEREB. 36 () T, ot BB ((TPR) T@0me88
0.8} T=280MeV T=280MeV
08
Q:§=
598
z §.3=
‘ e
T~ NN
0050 17 12 W W TR TR W 4 & ® /4

w [GeV] w [[EN]

= New “low-gain” BR method shows gradual weakening of ground state signal
= Genuine bound state signal lost at intermediate temperatures

Xb signal up to T=273MeV X.signal up to T=185MeV
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In-medium P-wave mass shifts
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= Naive inspection of in-medium modification appears to show increasing masses
= BR method systematics: Low number of datapoints introduces shifts to larger masses

= Actual in-medium effect: lowering of bound state mass, consistent with potential studies
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Conclusions
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B Heavy-ion experiments: Intricate quarkonium phenomenology

B Direct access to in-medium quarkonium from first principles: lattice NRQCD

= Progress I: HotQCD lattices provide higher statistics and larger temperature range
= Progress ll: Improved Bayesian spectral reconstruction reduces methods uncertainties

= Progress lll: Extension of our previous study to charmonium at finite temperature

m Updated in-medium results for quarkonium in lattice NRQCD:

= Verified sequential in-medium modification of correlators according to vacuum E; 4

= First quantitative determination of in-medium shifts to lower masses

Thank you for your attention - bnarogapto Bac 3a BHUMaHue
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1 N ISOQUANT
° ° it \ /
Previous lessons from the lattice Vqq il 4
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= QQ states suffer from a hierarchical in-medium modification w.r.t. vacuum binding energy
® In-medium states take on lower masses and show increased thermal widths
= Quarkonium melting is a gradual process: defining T, ;. is ambiguous, popular E,, =T cim

m  Observables from in-medium spectra: y’ / J/{ ratio and P-wave feed-down estimated
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¢ to J/Y ratio from T>0 spectra
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30¢ = Assume instantaneous freezeout: T>0 states
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First preliminary ALICE data
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U(2S) / J/¢ - Jan. 2017 ,

—~ 02 -’
C central Pb-Pb

= 0.18 - e ALICE (prelim.), |/s,,=5.02 TeV,
settle question of T 016F — gnﬂ w. corona (7%)
hadronic bound states S5 - . O Corona
in the QGP 5 0.14 -

© 0.12F .
Our T>0 L= s :

© AF 1
spectral ~ : ]
function = :

prediction

T

Not all in-medium effects on QQ can be captured
in a Schrodinger equation with potential:
crosscheck results with a genuine field theory

ALICE data, Pb—Pb: Quark Matter 2017; pp: arXiv:1702.00557 slide from
Peter Braun-Munzinger
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