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Introduction
o

Bottomonium suppression
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source: CMS (2014) source: ALICE (2021.05758)

e Evidence of bottomonium suppression in multiple experiments

e Stronger suppression of higher excited states
e Various models are mostly consistent with experiment
e Systematic, first-principles calculation is very desirable
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Scales governing in-medium quarkonium

QCD
mass m T
NRQCD
inverse size Yr~ome 1 NRQCD ;.
pNRQCD mp
Lo PNRQCDyyy,
binding energy V~vme? o

e Separation of nonrelativistic scales permits EFT (NRQCD, pNRQCD)

o Intertwined thermal and nonrelativistic scales permit various hierarchies,
with or without different types of thermal modification of quarkonium

e Thermal scales at T ~ a few T.: ©T ~ mp, strongly-coupled medium!
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OQSpNRQCD
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Quarkonium in effective field theory

k

o Integrating out scale M > 1/ —  nonrelativistic QCD (NRQCD)

e Integrating out scale 1/r > as/r (multipole expansion!) — pNRQCD
e Degrees of freedom are heavy color-singlet and -octet fields + light d.o.f
e Potential nonrelativistic QCD (pNRQCD) Lagrangian® at NLO

LoNrQeD = Liight + Lglue + / d*r tr {S'[ido — hs]S + O'[iDo — ho]O}
+ Vatr {OT'P -gES+S'r -gEO}—i—?Btr {OT'P -gEO+ O0'Or -gE} + ...

e Nonlocal Wilson coefficients play the role of potentials
—-A —D?

hszm‘i’vs(r), hO: 2M

e Octet contribution in vacuum — heavy gg bound into different hadrons

+ Vo(r), Va,Vg=1+ho.

e V, resp. Vg permit transitions of types singlet<roctet or octet«roctet

!Brambilla et al., Nucl. Phys. B566 (2000) 275
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OQSpNRQCD
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Bottomonium as a probe of the medium

VNI Simulations: Geiger, Langacre, Srivastava, nucl-th/3806102

Colliding Nuclei  Hard Parton Hadron Gas &
Collisions Cascade Freeze-out

e Few bb pairs formed in hard collisions in early stages of HIC
e bb pairs propagate through and probe all stages of hot medium

e Eventually hadronize at their respective freezeout temperatures

~ S _H - : ~
Ptotal = _1[ totals ptotal}a Ptotal = Pprobe S Pmedium
Htotal - Hprobe & Idmcdium + Idprobc & Hmcdium + Hint

9 Trace out the medium: pprobe = trmedium [Ptotal
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Time scales of in-medium bottomonium

e For certain conditions? (Markovian, quantum Brownian)
bottomonium time evolution has form of Lindblad equation3

{ C,]; Cna pprobe}
- 2
e Collapse (jump) operators C, are related to partial widths

r,=clc, r=>r,

[.)probe =-i [Hpr()be-, ppr()be] + E Cnpprobe CA -

n
e Non-hermitian effective Hamiltonian + jump term

i . .
Hcff = Hprobc - §F7 Pprobe — —1 [Hoffa pprobc] + Z Cnpprobc C[;T

N n

2Brambilla et al., Phys. Rev. D96 (2017) 034021; Phys. Rev. D97 (2018) 074009
3Lindblad, Comm. Math. Phys. 48 (1976) 119; V. Gorini et al., J. Math. Phys. 17 (1976) 821
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Open Quantum System (0OQS) pNRQCD for bottomonium

e Coupled master equations for Joctet densities*
= —i[hs, |- Z(t) = si(t)
+ Esolpo(ti t), t],
po(ti t) = — ilho, po(ti )] = Zo(t)po(ti t) — po(t: ) ZE(t)

+Eos[ 7t]+Eoo[po(t; l‘),f.‘]
o Self-energies X5 , are related to thermal mass shifts and widths

2Re [—1Xs o(t)] = 20ms o(t), —2Im[—iXs o(t)] = [s0(t)

/

e OQSpNRQCD is fully consistent, non-Abelian quantum field
theory that conserves the number of heavy quarks at all times

“Brambilla et al., Phys. Rev. D97 (2018) 074009
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Lindblad equations in OQSpNRQCD

e Scale hierarchy 1/a > 7T ~ mp ~ g(T)T > E ~ (/) /3,
(strongly-coupled plasma at not too low temperatures)
1
Ys,o(T(t)) = { N2 -2 } r? (s[T()] + [T(D)]),

2(N2—1)

@

0 N21 3
Eu(pj,m)):{ L w }Zw,-rk AT (o)

k=1
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Heavy-quark momentum diffusion coefficients

e Heavy-quark momentum diffusion coeflicients
2 oo
— g a,i a,i
K(T)= = ds<{E'(s,0),E'(O,0)}>T.,
6N /o
g2 [t ' _
ATy =il [ ds([E%i(s.0), E*(0,0)]), .
6N: Jo
e In principle non-perturbatively computable in lattice QCD.

( in quenched approximation: v from J/v & T(1S) mass shifts:\

J/$,T = 251 MeV —
7T fit
Lo Y(18),T = 407 MV -
4 T Ourresult
w3 | T(15),T = 251 MV —
B \ ny=3,T = 407 MV
21 B —_—
ny =3, S
1
(perturh )
0 P—
10° 10! 10° 10° 10° -20 ~15 -10 -5 0
T/T. o
Brambilla et al., Phys.Rev.D 102 (2020) 7, 074503 Brambilla et al., Phys.Rev.D 100 (2019) 5, 054025

-
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Quantum trajectories
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Solving the Lindblad equation

. ) i)
Pprobe = _I[Hef‘fu pprobe} + Z Cnpprobe C,lLa Hef‘f = Hprobe - §F
n
e Directly solving the Lindblad equation is very expensive ...
N J
e H.g is diagonal both in angular momentum and in color
e Jump term couples sectors with // = / 4+ 1 in dipole transitions
S = Pprobe 15 block-diagonal matrix in / =0,1,...,00 and c = s, 0 )
e Radial direction discretized: N, sites, Dirichlet boundary cond.
o Solution of Lindblad equation needs some trunction / < fpax®
® pPprobe has dimensions [pprobe] = N? = (N, X (hpax + 1) x 2)?
o Large matrix size 4 inter-block cross-ta challenging
L L ix si i block lk — challenging )

®Imax = 1 in: Brambilla et al., Phys. Rev. D97 (2018) 074009
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Quantum trajectories
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The Monte-Carlo Wave-Function method

(. i
Pprobe = + Z Cnpprobe C;]: Heff = Hprobe = ="
n

stochastic jumps
e Only one-dimensional in Monte-Carlo wave-function method,
sample pprobe = »; |i) (i] as average of many MC wave-functions

_ J
e Each MCWEF: with probability

Pao sump (3 10) = 1 — / * dt (e (8)] T [re(2))

to

between tg and t; until next instantaneous jump occurs at t

e Each MCWEF: jump ¢ (t1) — Caotby o (t1) with probability

Pjump.n(tl; tO) = / 1 dt <wl,c(t)‘ Fn |/¢I,c(t)>

Jtg
as instantaneous jump satisfying selection rules for color and A/

\__° Average many quantum traj. related to same physical traj.j
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Initial

Quantum trajectories
00e00

bb states

~

e bb production in hard process: delta function in position space
— on lattice contaminated by modes p ~ 7/a near lattice cutoff

e Soften the locality using Gaussian and derivatives @ ¢ = 0.2ag

u(r,t =0) o r'tle="/¢

-

AN

|Ras, acice(3S) = Raa, Goss(35) /R, lauce (35)

25 30 10 25 30

20
time (fm]

20
time [fm]
— 1 €205 — c=02 — c=01 — c=005 — 205 —— =02 —— c=01 —— c=005

source: 2012.01240|

o ¢ = 0.2ap mimics a delta function for S-wave Raa at the 1% level

e Computational cost increases dramatically for narrower GaussiaB
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Inequialent physical trajectories

Quantum trajectories
[e]ele] o]

o T dependence via heavy-quark diffusion coefficients k[ T], [ T]

e Temperature evolution T(t) from anisotropic hydrodynamics®
r s Centrality | (b) [f N TS [Gev] [TV G\V\

aHydroQP temperature profile: [ Sepretity} & (il Gpar) Ty [SVI1Ty" [GeV]

0-5% 2.32 374.0 0.625 0.561

g = 5-10% 4.25 315.9 0.614 0.550

o5 e 10-20% 6.01 243.5 0.597 0.533

e e 20-30% 7.78 168.5 0.571 0.504

04 30-40% 9.21 112.4 0.538 0.470

40-50% 10.45 70.8 0.497 0.430

50-60% 11.55 41.1 0.446 0.381

60-70% 12.56 2513) 0.386 0.325

70-80% 13.49 9.7 0.322 0.267

80-90% 14.38 3.8 0.258 0.214

2 90-100% | 15.66 | 0.97 0.180 0.157
s > Centrality bin & collision parameters
source: 2012.01240 for a SNN = 5.02 TeV PbPb collision|

o Production points sampled according to N, ;(x, z, pr) o

Niin (X,y)

(P M)

®Algahtani et al., Phys. Rev. C92 (2015) 054910; C95 (2017) 034906; PPNP 101 (2018) 204
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Quantum trajectories
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Final state feed-down

e Measured vacuum yields related to primordially produced
vacuum yields by a feed-down matrix as Nyeasured = F * Ndirect

. -
10800—
1 0.26450.01940.352 0.18 0.0657 0.0038 0.1153 0.077
10600}~
0 1 0 0 0 0.106 0.01380.181 0.089 10400
0 0 0 0 0 0 o200
Fl 0 0 0 1 0 0 0 0.0091 0
= 0 0 0 0 1 0 0 0 0.0051 100001~
0 0 0 0 0 1 0 0 0 o
0 0 0 0 0 0 1 0 0 wol
0 0 0 0 0 0 0 1 0 d
0 0 0 0 0 0 0 0 1 o0k M

S s m o n D
source: Patrignani et al.,
source: 2012.01240 Ann.Rev.Nucl.Part.Sci.
63 (2013) 21-44

o Feed-down matrix treats different 1P and 2P states as distinct

- Y

(" 'Y T . I

o Nocp = (N1s, Nis,3 x Nip, N3s,3 X Nop)' obtained as
NQGP(i) = <Nbinary[b]> X Psurvival(i) X Edirect

e Post feed-down normalize to pp scaled by binary collisions (AA)

\
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Results
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Simulation details

-
e Model: as(Y/a0), mp, & = /T3, 4 =7/13, Tp = 250 MeV

e Coupling and mass fixed in terms of vacuum physics

as(1/a) = 0.2071, mp =4.881GeV,  ap = 0.146 fm.

e Fixed with lattice gauge theory input:{ , , dot-dashed}
R =ro+mT" + kTt + k3 T) — {r < ke < Kyl
4 =-175£1.75 — {7 < ve <}

e Also tested constant A

e ~ 900 k physical traj. (45 M q.traj.) for (kc,yc) pair

e ~ 700 k physical traj. (35 M q.traj.) for the other (k, ) pairs
N

14 /19



S-wave bottomonium Rj,

R € {(Ru(T).Re(T).Ru(T)}. = -1.75

R = Re(T). § € {-3.5.-1.75,0}

5.02TeV Pb-Pb

ALICE: pr <15GeVand25<y <4
ATLAS: pr <15 GeV and |yl < 1.5
CMS: pr <30 GeV and ly| <24
QTraj: pr<30 GeV and y=0

® ALICE - Y(1S)
m ATLAS - Y(1S)
A CMS-Y(1S)
M ATLAS - Y(25)
A CMS-Y(25)

—— QTrj - Y(1S)

5.02TeV Pb-Pb

ALICE: py <15GeVand25<y <4
ATLAS: pr <15 GeV and |yl < 1.5
CMS: pr <30 GeV and Iy < 24
QTraj: pr<30 GeV and y=0

® ALICE - Y(15)
m ATLAS - Y(1S)
A CMS-Y(1S)
n ATLAS - Y(25)
A CMS-Y(25)

—— QTrj- Y(15)
50.6) ——QTrej-Y(@2s) { 50.8] —— QTraj- Y(25)
« ——— QTraj - Y(38) L4 ——— QTraj - Y(35)
0.4] 0.4]
0.2] 0.2]
0.0 0.0]
0 100 200 300 400 0 100 200 300 400
Noart Noart
R < (R (T).Re(T).Ry(T)}. ¥ = -1.75 R = Re(T). § € {-3.5,-1.75,0}
5.02TeV Pb-Pb ® ALICE - Y(1S) 5.02 TeV Pb-Pb ® ALICE - Y(1S)
1.0F CMs:0-100% and |yl < 2.4 B ATLAS - Y(15) 1.0[ ©MS:0-100% and |yl < 2.4 B ATLAS - Y(1S)
ALICE: 0-90% and 25 <y <4 A CMS_Y(1S) ALICE: 0-90% and 25 <y < 4 A CMS_Y(1S)
ATLAS: 0-80% and ly| <15 ATLAS: 0-80% and |y| < 15
0.8 QTrai: 0-100% and y=0 o) 0.8} QTrai: 0-100% and y=0 22
: A CMS - Y(25) - A CMS - Y(25)
— QTraj- Y(1S) — QTraj- Y(1S)
£06 —— QTraj-Y(25) { £ 0.6] —— QTraj - Y(25)
« ——QTraj-Y@3s) | & ——— QTraj - Y(35)
0.4
0.2
0.0|
0 5 10 15 20 25 30 0 5 10 15 20 0
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Double ratios vs Nt

Re (R (T).Re(T) Ru(T)), § = =175 R=Re(T). § € {-3.5,-1.75,0}
1.0 5.02TeV Pb-Pb 1.0 5.02TeV Pb-Pb
2 ATLAS: pr < 15 GeV and yl < 1.5 O [y 2 ATLAS: pr < 15 GeV and Iyl < 1.5 O MRS
@ CMS: pr <30 GeV and |y < 2.4 o Es o CMS: pr <30 GeV and |y| < 2.4 ANCUS
T o8 QTraj: pr<30 GeV and y=0 — QT T 0g QTraj: pr<30 GeV and y=0 — QT
@ o
S &
> > 0.6
[ [
£ £
» » 04
5 s
& Q02
g =
0.0} 0.0 . . . .
0 100 200 300 400 0 100 200 300 400
Noart Noart
Re {R(T).Re(T) Ru(T)), § = =1.75 R=Re(T). P (-3.5,-1.75,0}
1.0 5.02 TeV Pb-Pb e — 1.0 5.02 TeV Pb-Pb O ErEESEmD)
g ATLAS: pr < 15 GeV and lyl < 1.5 s ATLAS: pr < 15 GeV and Iyl < 1.5
7 CMS: pr <30 GeV and Jy| < 2.4 EEATLAS 2853 & CMS: pr <30 GeV and Jy| < 2.4 EEATLAS 2533
T o8 QTraj: pr<30 GeV and y=0 — QT T o8 QTraj: pr<30 GeV andy=0 — QT
@ @
e e
= 06 > 0.6]
3 3
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» 0.4 » 0.4
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0.0 0.0
0 100 200 300 400 0 100 200 300 40(

0
Noart Noart 16 / 19



Double ratios vs pt

R e {Ru(T).Re(T).Ru(T)}, 7= -1.75 R=Re(T), < {-35,-1.75,0}
1.2 1.2
N 5.02 TeV Pb-Pb ® ATLAS N 5.02 TeV Pb-Pb ® ATLAS
== 10[ ATLAS:0-80% and ly < 1.5 A cvs == 10} ATLAS:0-80%and ly| <15 A cvs
(2] CMS: 0-100% and |y| < 2.4 - @ CMS: 0-100% and |y| < 2.4 oT
= QTraj: 0-100% and y=0 m = QTraj: 0-100% and y=0 O G
508 508
o o
= =
2 08 2o8f ¢
£ £ N
o o
T 04m T o4 e —————————
£ = = [
%) [
~ Mg gus=
= 0.2 s 0.2
0.0 0.0l . . . . . .
5 10 15 20 25 30 5 10 15 20 25 30
pr[GeV] pr[GeV]

C’yL is seems to be disfavored by the double ratio RAA(T(25))/RAA(T(1S))>

17/19



Bottomonium elliptic flow v, vs centrality

valY(18)]

R e {Ru(T).Rc(T).Ru(T)}, = -1.75

R=Re(T), f €{-3.5,-1.75,0}

0.06 0.0
e CcMS e CcMS
004 m QTraj 0.C4 = QTraj
oozt T; 0.02 -1
&3 N l; 7 gt 3 = li
0.00 - T T 000 - T
S
-0.02) -0.02)
5.02 TeV Pb-Pb 5.02 TeV Pb-Pb
pr <50 GeV pr <50 GeV
-0.04 CMS: ly| <24 -0.04 CMS: |y| <2.4
QTraj: y=0 QTraj: y=0
-0.06 -0.0
10 30 50 90 10-90% 10 30 50 90 10-90%
Centrality (%) Centrality (%)
R e {RU(T).Re(T).RU(T)}, P=-1.75 R =Re(T), P €{-3.5,-1.75,0}
0.05 0.05
et I i R
3 o
0.00 — 0.00 e g
~0.05 1 & -0.05
5.02 ;VGP:’/‘P" m QTraj - Y(25) B 5.02 ;;VGP?/‘P" m QTraj - Y(25)
pr <50 Ge ! pr <50 Ge ’
-0.10) o - -0.10) -
CMS: |yl < 2.4 Qe = Y(3S) CMS: |yl < 2.4 ® CUE)=11ES)
el A CMS - Y(2S fyad A CMS - Y(25)
o5} QTraiy=0 (28) | o5} QTraiy=0 (
10 30 50 90 10-90% 10 30 50 90 10-90%

Centrality (%)

Centrality (%)
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Summary
o

Summary & Outlook

~

e QTraj project aims at predicting bottomium suppression via
ab-initio OQSpNRQCD -+ aHydro MC lattice simulations’
e Systematic expansion with a consistent power counting scheme

e Effect of dissociation & recombination (i.e. quantum
jumps) is fully quantifiable

e Off-diagonal overlaps studied as well — statistically irrelevant/

~

N

e Good agreement for Ny, 2 100 (like all models)

e Cold nuclear matter effects are expected to lower Raa at low T )

Y

e Parameters motivated by vacuum physics or lattice gauge theory

e Could constrain transport coefficients with more precise data

_° Double ratios quite insensitive to &; v ~ 0 favored by the data )

"Session L04: Heavy Quarkonia as a Probe of Hot and Cold QCD Media: Current and Future
(Sunday, 04/18/2021): N. Brambilla (3:45 pm) & M. Strickland (4:21 pm)
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Thank you for listening!
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Initial state dependence

R =Re(T), = -1.75, T, = 250 MeV

1 e d
£ 0.100¢ :
5
®
Keo)

o -,

o 0.010} 3

©

= te...

% ........ S

0 0.001t —— Y(1S)- GaussiandeltalC e E SR - J
————— Y(1S) - 1S eigenstate IC Ty
—— Y(2S) - Gaussian delta IC
-------- Y(2S) - 2S eigenstate IC

107k : : : :
0 100 200 300 400
Npart source: 2012.01240

e Gaussian vs bound state initial condition: with Gaussian less
suppression of excited states, more suppression of ground state
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Jump vs no-jump evolution

1= 1 1
0.500] 0.500) 0.500]
2z
3
£0.100 —— 0.100} 0.100}
° Y(1S) - Jumps —
3 0.050) e =1 0.050 _{ 0.050]
g ¥(28) - Jumps :
3 0.010] :g:: . :‘::::"s 0.010) 0.010)
0.005 Y(3S)-Nodumps  g=Ry(T), p=-1.75 gocs R=Re(T), p=-1.75 oges R=Ry(T), p=-1.75
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
NPar\ Nparl Nparl
1 1p=
0.500] 0.500
2z
3 —
§ 0.100 0.100
& 0.050 0.050)
T
2
e
3 0.010 0.010)
0.005 0.005 R
R=Re(T), f=-35
0 100 200 300 400
N, N source: 2012.01240
art oart

e With jumps vs without jumps: excited state survival
probabilities differ substantially only for 4 ~ 0 and Npa ~ 200
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Temperature dependence of <

[e]e]e] lele}

NLO
T  Ourresult

c1 2 3 4 5 6 10° 10! 10° 10° 10*
I, T/Te
source: 2012.01240 c source: Brambilla et al., Phys.Rev.D 102 (2020) 7, 074503
a 2 — ” " /2 N
:‘%(T)— /(RQ+H1T + kT + K3T7)
= | |
%o | -0.80711561079611901 -0.51888065324059919 | -0.38196931268763431
K1 1.5560083173857689 0.98030718982413288 0.71513037386309615
Ky | -0.14261556412444807 | -0.083409768363912536 | -0.058542116432588807
k3 | 0.0071217431979965582 | 0.0039726666253277474 | 0.0027170443410800557
e Tests with # = 1 are covered by uncertainty bands of & variation

_° Past value® of & = 2.6 lead to substantially more suppression )

8Brambilla et al., Phys. Rev. D96 (2017) 034021; Phys. Rev. D97 (2018) 074009
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Dependence on T«

R=Re(M), ¥=-175 R=Re(T), §€{-3.5,-1.75,0}
2 502 TeV Pb-Pb m ALCE
- 1.0 5.02 TeV Pb-Pb
ALICE: 25 <yl <4
s ;06 Vandll<ts @ ATLAS Iy ATLAS: pr <15 GeV and |y| < 1.5 C QLS
s 30\CeVend Vs A cms & CMS: pr <30 GeV and Jy| <2.4 A CMs
0.8| CMS: pr <30 GeVand |y <2.4 QTraj, T=275MeV { T 0.8 QTraj: pr<30 GeV and y=0 — QTraj
QTraj: y=0 =

----- QTraj, T=250 MeV.
-------- QTraj, T=225 MeV.

£
a
z z
2] [}
& &
= 06 > 06
3 S
8 4
& &
3 04 % 04
z =
& 02 8 02
= =

0.0 00

0 100 200 300 400 0 100 200 300 400
Noar Noart

e Varied Tr = 250 MeV by +10%; effect mildly dependent on Npart

e Magnitude of the effect is comparable to variation of & and 4
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Details of the feed-down

e Use experimental, rapidity-averaged (|y| < 2.4) cross-sections

e Fold di-muon branching ratios B with S-wave di-muon yields®
Bdo/ay(S) ~ (1.44,0.37,0.15)" nb, B = (2.5,1.9,2.2)"%

o We extrapolate ratios of (mP)- and (nS) yields!® to /s = 5 TeV
e Theory expectation olxe2l /o[xyu] ~ 1.176 (for 1P and 2P)

o Theory-based estimate o[xpo] & (olxnl +olxe2]) /g (for 1P and 2P)
\_
4 Fexp = (57.6,19.3,3.72,13.69, 16.1, 6.8, 3.27, 12.0, 14.15)T nb R
\ for A = (r@s), 7(25), x60(1P). x61(1P), x52(1P), T(35), x0(2P), x51(2P), x52(2P)) Y,

i
Texp

[ For state i and (centrality) class c: Rj,(c) = F-5(c) Z)direct) ]

%Sirunyan et al. [CMS], Phys. Lett. B 790 (2019) 270
9 Aaij et al. [LHCb], Eur. Phys. J. C74 (2014) 3092
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