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Bottomonium Suppression

TUMQCD Collaboration, 1804.10600

* In a high temperature quark-gluon plasma we
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Conceptual problem
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Bottomonium states have a large binding energy (1S ~ 1 GeV) and are
produced locally (hard processes) at early times in hard collisions (t < 1

fm/c).
* They then propagate through the plasma and interact with the medium.

* Bound states can break up and potentially re-form due to in-medium
transitions induced by in-medium gluon absorption and emission.



Open quantum system (OQS) approach

Probe = heavy-quarkonium state
. Medium = light quarks and gluons that comprise the QGP

e (Can treat heavy quarkonium states propagating through QGP using an open
quantum system approach

Htot — Hprobe X Imedium + Iprobe & Hmedium + Hint

e Total density matrix

d .
Ptot = Zpgl%)(%l - Eptot = —i[Hiot, Ptot]
J

* Reduced density matrix (medium DOF integrated out)

Pprobe = r:[’rmedium [ptot] —_— “Master equation”
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0QS + pNRQCD -2 Lindblad equation

e What are the relevant scales? 1 Qcb
m T % =
2 Temperature T perturbative matching l
.......................................................... u
e Boundstatemassm > T

1 4 NRQCD

* Bound state sizer ~ 1/mv ~ a, (Bohr radius) ™MV~ v
. Debyemassm, [P l .............................. u

non-perturbative matching perturbative matching

% Blndlng energy E - mvz mvz ~ B - (long-range quarkonium) (short-range quarkonium)
| . pNRQCD
e Separation of time scales
. ) ) A = —t/tm 1
— Medium relaxation time scale (OM(t)OM (0)> g — T
1 1
— Intrinsic probe time scale tp~ ——— — B
W; — wj
t/trel — i d A=T,E
— Probe relaxation time scale t)) e "/ el G e
(p(t)) self-energy  a;a2A3
1/r>T~mp>E |4
Pprob
> Zrto = = Z[Hprobe: pprobe] 1Ir Z (C pprobe - _{C Cn; pprobe})
trel 3 tP > tM

N. Brambilla, M. A. Escobedo, J. Soto and A. Vairo, 1612.07248, 1711.04515



NRQCD - Potential NRQCD (pNRQCD)

Pineda and Soto, “97; Brambilla, Pineda, Soto, and Vairo 99, ‘00, ‘03
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Singlet and octet potentials
‘|‘VA':[11‘{OTI'-QES—|-STI'-QEO} —% ) i a.
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(87
Ve Vo(r) = =—
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* Based on this Lagrangian, we can Y - U @f‘“i’% )
perform first-principles calculations. e e S
* Right figure shows diagrams
contributing to singlet and octet I ;._?m%ﬁ,_ | g_rgﬁ %%xf_ S

self-energies.

* These enter into the calculation of . o i
Lindblad/collapse/jump operators. . —» ;5%% — b % - g% .
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OQS + pNRQCD - Lindblad reorganization

dP robe . 1
I«:i—t — _z[Hprobea pprobe] T ; (Cn Pprobe Cq];, o §{C:LC%? pPTObe})

H .. is Hermitian (includes singlet and octet states)

C, are the collapse (or jump) operators (connect different internal states)
* Partial and total decay width operators are
I,=ClC, TI'=Y T,

* Can reorganize Lindblad equation by defining

Heg = Hprobe — %1‘* < Non-Hermitian effective Hamiltonian

dpprobe

dt — _":Heﬁ"pprobe = 'ipprobeHlff + ; Cn Pprobe CJ;,




LO OQS + pNRQCD Hamlltonlan and coIIapse operators

N. Brambilla, M. A. Escobedo, J. Soto and A. Va 07248, 1711.04515
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LO OQS + pNRQCD Hamiltonian and collapse operators

N. Brambilla, M. A. Escobedo, J. Soto and A. Vairo, 1612.07248, 1711.04515

dpprobe
dt

= —’I:Heffpprobe + ipprobeHlff + Z On Pprobe CJL

n

CO— K ?n?: 0 1
VY N2Z-1 VN2 -1 ’

o1 [Nk (00 =1
iAoz —1n" \o1 )

Six collapse operators cover
* singlet 2 octet,

e octet = singlet =0

e octet = octet

al
i

singlet octet




Going beyond Ieadmg order in E/T

N. Brambilla, M.-A. Escobedo, A. Isl , and P. Vander Griend, 2205

* Results on previous slides were obtained by truncating at leading order (LO) in
E/T (binding energy over temperature). This was extended to NLO in the
reference above.

* By decomposing states into radial and angular components, for an isotropic
system we can rewrite the operators as acting only on the 1d effective
wavefunction

N .o 1 o I+1
u(r,t) =r R(nt). I =t =z
[t} =rRint Coso ="~ 51 ¥ omT (37‘ r ) ’
* At NLO, there are six jump Ci,,=7— J\;‘?S + ZA}IT (;i + %)
operators (shown on the right). ) N.a. i 5 I+l
Coms =T+ 37 Yomr \or ~ v )"
 Based on these, one can Noa ; 5
write down the singlet Ot =g + 5579 (8?, v ;)
and octet non-Hermitian ot s 1 (8 1+1
effective Hamiltonian (see oo 2MT \ Or ro )’

=" omT \or

reference above for details). ot 1 %) Lt
o0 2MT r)’



Values of K and ¥ used

« We used NLO fits to recent
lattice measurements of the
heavy quark transport coefficient
R = k/T3. Note that this is
related to the heavy quark
diffusion constant D.

. N. Brambilla, V. Leino, P. Petreczky, and A.
Vairo, 2007.10078

e Thevalueof 7 = y/T3isless
constrained, we vary it in the
range -3.5<y < 0.

. N. Brambilla, M. A. Escobedo, J. Soto and A.
Vairo, 1612.07248.

. N. Brambilla, M. A. Escobedo, J. Soto and A.
Vairo, 1711.04515.

° N. Brambilla, M. A. Escobedo, A. Vairo and P.
Vander Griend, 1903.08063.
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N. Brambilla, V. Leino, P. Petreczky, and A. Vairo, 2007.10078
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N. Brambilla, M. A. Escobedo, A. Vairo and P. Vander Griend, 1903.08063.



Computing survival probabilities with QTraj

y [fm]

Survival probability

S5P(n,1) = L UEE))

[{n, U]3(t0))|?

* Used N = 4096 points
e L =108a,
e At =2x10%fm

M. Strickland

We sampled bottomonium production points
and initial COM transverse momentum using
Monte-Carlo sampling (physical trajectories).

Temperature evolution provided by 3+1D
anisotropic hydrodynamics (good description
of identified soft hadron spectra and
anisotropic flow, see backup slides for
evidence).

Along each physical trajectory, we solved the
real-time 3D Schrodinger equation with a
complex potential and stochastically sampled
jumps =2 Lindblad equation.

We then solved for the survival probability of
S- and P-wave states (see box to the left).

12



Feed-down implementation

_ 48

o
o
|

Nobserved =~ FNdirect

Mass (GeV/c?)

/1 0.2645 0.0194 0.352 0.18 0.0657 0.0038 0.1153 0.077 \ 102

0 1 0 0 0 0.106 0.0138 0.181 0.089 £
0 0 1 0 0 0 0 0 0 [
0 0 0o 1 0 0 0 0.0091 0 o8l
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0 0 o o0 0 1 0 0 0 95
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Je
L

BE threshold

*  Ngirect COrresponds to (Ny5, Nps Nipx 3 Nig Njp x 3 Nyp)' where, e.g., Nygis
the final number of Y(1S) states that can decay in the dilepton channel.

* Ny e €an be obtained using <N, .(b)> * 4.« * (Survival probability)

* After feed down, we then normalize
by the pp collision result scaled to AA = R,,.

M. Strickland

Rja(c) =

(F ’ S(C) ’ Edirect)i

i
O-exp




NLO OQS + pNRQCD predictions for Ry, vs N, at LHC

N. Brambilla, M.-A. Escobedo, A. Islam, M.S., A. Tiwari, A. Vairo, P. Vander Griend, 2205.10289

R € (R, (T).Re(T).Ry(T)}, § = =2.6, Tppeq= 0.6 fm, NLO
5.02 TeV Pb-Pb . ALIGE=YS)
10 ALICE: pr <15 GeVand 25 <y <4 B ATLAS - Y(1S)
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e Left panel: Result including feed down, when varying K over the theoretical uncertainty.

* Right panel: Result including feed down, when varying 7 over the theoretical uncertainty

* Note: The NLO results above ignore jumps (H. only). The effect of jumps is expected to be

small based on prior studies, but requires lots of computer time (forthcoming).

* The statistical uncertainty associated with the average over physical trajectories is on the

order of the line width.
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NLO R,, Vs transverse momentum

N. Brambilla, M.-A. Escobedo, A. Islam, M.S., A. Tiwari, A. Vairo, P. Vander Griend, 2205.10289

R & {Re(T)Re(T).Ru(T)}, § = =26, Trpeg= 0.6 fm, NLO

5.02 TeV Pb-Pb ® ALICE - Y(1S)
1.0} CMS: 0-100% and |y| < 2.4 B ATLAS - Y(18) |
ALICE: 0-90% and 2.5 <y <4 A CMS-Y(1S)
ATLAS: 0-80% and |y| < 1.5 O ATLAS - Y(2S)
0.8} QTraj: 0-100% and y=0 A CMS - Y(25)
© CMS - Y(3S)
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0.6 g LI
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R = Re(T), § € {~3.5,-2.6,0}, Tmea= 0.6 fm, NLO

5.02 TeV Pb-Pb ® ALICE - Y(1S)

CMS: 0-100% and |y| < 2.4 W ATLAS - Y(1S) |
ALICE: 0-90% and 2.5 <y <4 A CMS -Y(15)
ATLAS: 0-80% and |y| < 1.5 O ATLAS - Y(28)
QTraj: 0-100% and y=0 A CMS - Y(25)
¢ CMS -Y(35)
QTraj - Y(18)
QTraj - Y(28)
i QTraj - Y(38)
[
fatm} & 4 A 5
i Q @
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pr [GeV]

* (QTraj predictions consistent with experimental observations.

e Very flat. Small decrease comes from longer time spent in the QGP

as the velocity decreases.

* Once again, larger variation from uncertainty in .

e
w



NLO OQS + pNRQCD predictions for Ry, vs N, at LHC

N. Brambilla, M.-A. Escobedo, A. Islam, M.S., A. Tiwari, A. Vairo, P. Vander Griend, 2205.10289

R e (R (T).Re(T).Ry(T)}, § = ~1.75, Tpeq= 0.25 fm, NLO

R = Re(T), P& {-3.5,-1.75,0}, 109 = 0.25 fm, NLO

5.02 TeV Pb-Pb ® ALICE - Y(18)

5.02 TeV Pb-Pb ® ALICE-Y(15) I
1.0k | ALICE: pr <15GeVand25<y <4 = A=y ] 10l ALICE: pr <15GeVand25<y <4 W ATLAS-Y(18) ]
"W . ATLAS:pr <15GeVandly| < 1.5 A CMR=XUS) Nl ATLAS: pr < 15 GeV and |y| < 1.5 A CMS -Y(1S)
W % cMSs: pr <30 GeV and |y| < 2.4 O ALICE - Y(28) (A CMS: pr <30 GeV and |y| < 2.4 O ALICE - Y(28)
I QTraj: pr< 30 GeV and y=0 O ATLAS - Y(25) ! QTraj: pr< 30 GeV and y=0 O ATLAS - Y(23)
081 A cMS-Y(@2S) | 084 A CMS - Y(25)
L & CMS-Y(3S) © CMS - Y(38)
[ QTraj- Y(1S) | | QTraj - Y(18)
néi 0'6- QTraj - Y(28) n? 0'6._ QTra: - Y(25)
I QTraj - Y(38) [ QTraj - Y(3S)
0.4r | 0.4+
0.2} 0.2
: " T a ét?s 2 2 | S 4 &
0.0t : . : T 0.0t . N . =
0 100 200 300 400 0 100 200 300 400
Noart Npart
* Note that It is possible to use a shorter medium initialization time and
obtain a similar description of the data.
* Above shows results using T4 = 0.25 fm rather than 0.6 fm
* In this case, | changed the central value of gamma plotted, but the range
of variation is the same.
M. Strickland
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M.

Momentum-space anisotropies

4d flow tomography
1 * Bottomonium probably doesn’t flow in the
/ﬁ ﬂ} +h “collective flow” sense.
”% + . % }T * However, there can be momentum-space
It < J& .P_ anisotropies induced by path-length
**5}3}' _\E % differences in suppression along the short
and long sides of the QGP.

Cern Courier, Fall 2019 hip19-002] Pbe 1 Znb™ (5.02 TeV)

= | ALICEPb-Pb |5y =5.02 TeV 5-60% % 0.5 T e e e
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£ | N0 g "U;"“ | & --- Bhaduri, Borghini, (10-30%)
I w® r*] 1 8w a — ook - ‘— Jaiswal, Strickland ]
i 4 & = O
0.05- 1 B g = i
1 \ ] g2 I3 |
0 e ST _i_ ...... 5 % S 0=
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-0.05-ALICE ! | Qua rk Matter 20 19
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Py pr(19)
(GeV)
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LO Momentum-space anisotropies at LHC

N. Brambilla, M.-A. Escobedo, M.S., A. Vairo, P. Vander Griend, and J.H. Weber, 2107.06222 (Leading-Order)
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NLO Momentum-space anisotropies at LHC

H. Alalawi, J. Boyd, and M. Strickland, forthcoming

* Forthcoming work on including the effect of fluctuating
hydrodynamics.
* Using MUSIC + IPGlasma IC tuned to 5.02 TeV Pb-Pb collisions.

* Agrees well with aHydro results for R,, (not shown).

MUSIC HYDRO 2, & = k¢(T), = -2.6, Tg = 190 MeV, Ty = 0.6 fm MUSIC HYDRO 2, R = R¢(T), ¥ = -2.6, T = 190 MeV, Tpeq = 0.6 fm
0.06 012
e CMS -~ QTraj - Y(1S)
0.04 ~ G0 |
) o QTraj \ = QTraj - Y(2S)
0.08 -+ QTraj - Y(3S)
0.02 1
= l 0.06
(7p] ) =
< 0.00 T —
tc.“ < 0.04
=
-0.02 ’ T " 0.02
5.02 TeV Pb-Pb !
pr < 50 GeV 0.00
—0.041 oys: lyl < 2.4 )
QTraj: y=0 i ~0.02
-0.06
10 30 50 90 10-90% 0 20 40 60 80 100
Centrality (%) Centrality (%)
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Conclusions and Outlook

First 3D quantum non-abelian treatment of heavy quarkonium within
the O0QS+pNRQCD framework. Treatment has been extended to NLO
in E/T.

Transport coefficients used were constrained by independent lattice
measurements.

0QS + pNRQCD works quite well in describing bottomonium
suppression and “flow” vs N .. and p; seen at LHC energies.

Demonstrated that Upsilon R ,, and double ratios can potentially
provide experimental constraints on these transport coefficients.

The quantum trajectory algorithm (implemented in QTraj) allowed us
to include effect of “quantum jumps” between color and angular
momentum states in a computationally scalable manner.

Could be useful in other simulations of open quantum systems
evolution, such as the evolution of dark matter in the early universe.
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Heuristic understanding — Noisy QM

Heavy quark bound states have an in-medium potential with both real
and imaginary parts. This is related to the large in-medium width.

How can we understand the emergence of the imaginary partin a
simple manner before leaping into open quantum systems + pNRQCD?

Consider a non-relativistic bound state subject to a noisy potential
Vi

H(r,t) = —=F +V(r) + O(r,t) o(r,1) =0 (R+2,t) -0 (R—7,t)

Noise due to environment (assumed here to be color neutral).

Noise has zero mean, is uncorrelated in time, and has a spatial
correlation function D ()

(B(x,t)) =0 0(x,t)0(x",t")) = D(x —x")o(t —t)

Note: The treatment presented here does not include possibility of color-charged noise, more on this coming...



Heuristic understanding — Noisy QM

* Expanding the time evolution operator up to O(At3/2)

. 1
e AH(NY) ~ 1 _ At H(r,t) — S{AtH(r, )} + ...

~ 1—iAt [H(r, £)— ;At{ﬂ(x, )2 4+ 0(x',t)* — 26(x, t)é‘(x’,t)H
* Now construct an effective Hamiltonian that is averaged over the noise

{Heee(r,t)) ~ H(r,t) — %At{(ﬂ(x, t)%) +(9(x',1)%) — 2 (0(x, t)é(x’,,t))}

Imaginary part of the potential

; } |
Vr . Imaginary part emerges
(Hegt (1, 1)) = M +V(r) - Z{D(O) - D(r)} through interference of
wave function with itself
when summing over

%[V(T)] = D(I‘) o D(O) environmental noise.

M. Strickland



A parallelizable approach: Quantum trajectories

N. Brambilla, M.-A. Escobedo, M.S., A. Vairo, P. Vander Griend, and J.H. Weber, 2012.01240

dp S
probe . . 1
dt — _T’Heffpprobe + zpprobeﬂeﬂr Ea On Pprobe C;E
n
/ |
7 1
Non-unitary “no jump” evolution Can treat this “quantum jump” term stochastically

* Can be reduced to the solution of a large set of “quantum trajectories” in which we
solve a 1D Schrédinger equation with a non-Hermitian Hamiltonian H ¢, subject
to stochastic quantum jumps.

* The evolution with the non-Hermitian H  preserves e
the color and angular momentum state of the system
(but not norm).

* Collapse/jump operators encode transitions
between different color/angular momentum

X

¥ X

states (subject to selection rules). singlet  octet

* For each physical trajectory (path through the QGP) we average over a
large set of independent quantum trajectories = Embarrassingly parallel

* Added benefit: Can describe all angular momentum states (no cutoff) .

M. Strickland
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How can one numerically solve these equations?

dpprobe
dt

= —’I:Heffpprobe -+ ipprobeHlff %+ Z On pPYObe CJL
n

Each block of the density matrix in color space can be decomposed into orbital
angular momentum blockwise.

Upon truncating in angular momentum (I < [,,,) one can reduce both
the singlet and octet blocks of the reduced density matrix to size (1,,,,, + 1)?.

One can then discretize the radial wavefunction (N = # of lattice points) and evolve
the reduced density matrix using standard differential equation and matrix solvers
gives ~ N%(l,,.., + 1)% matrix size.

Need to describe bound and unbound states with highly localized initial wave
function, so the box must be large and have small lattice spacing = large N and
large L.,

As N and L, become large, the computation becomes very challenging.

Need a better/faster method which we can easily parallelize.



Initial bottomonium wavefunction

We took the initial wavefunction to be given by a smeared delta function (local
production due to large mass, A~ 1/M) of the form

up(r, T = 0) ox r¥T! exp(—r?/A?)

* Foragiven [, the initial state is a quantum linear superposition of the eigenstates of H.
* Includes both bound and unbound states.

e Wetook A = 0.2 ag which reproduces results obtained with a true delta to within 1%.
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1072 41/

104 4

1075 §f
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| | 1]
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M. Strickland



3+1D hydrodynamical background

Identified particle spectra
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For 5.02 TeV, T, =630 MeV @ t,= 0.25 fm/c

We use a 3+1D
dissipative code
for the hydro
background
(quasiparticle
anisotropic
hydrodynamics)

Has been tuned to
RHIC and LHC
heavy ion
collisions

Reproduces
spectra,
multiplicities,
identified elliptic
flow of light
hadrons, HBT radii,
etc.
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Full NLO effective Hamiltonian

N. Brambilla, M.-A. Escobedo, A. Islam, M.S., A. Tiwari, A. Vairo, and P. Vander Griend, 2205.10289

The effective Hamiltonian for singlet and octet evolution is dcﬁnod by I Ieff
= Ea‘e{m.} Fs-—-:—o and T, = Za‘e{’m,}( 0—+s

Im(X,,) —Ls0/2 with T, =

hso +

+ T ) When ex-

o—+0

pressed as operators acting on the reduced wave function, the singlet effective Hamiltonian

Fjﬁ is given by
—9 .
—off, D Cras T3 2, RT?
H = — " 3.12
Rl | = RRTTALIE (8:12)
i =2
i RT3 N.o\ 2 3 D 1 [N\ 1
m[H, | =-— |(r- ~ " -1
miH, | 2 (T 8T ) SMT '~ (@MT)? ' 2MT ( AT ) 7 8-13)
where p, = —i0,. Similarly, the octet eflective Hamiltonian H;ﬁ is given by
—5 .
L, eff 'D 1 o N2-2 [4T3 , &k
Re[H.'] = - 3.14
-T3 O Ne\? 3 T)Q 1 [ Nes) 1
I Heﬁ _ K clg _ _ cYs | 2
.l (N2 — 1) (T T 37 oMT T @MT?  2MT \ 4T ) r
. S + o (3.15)
4(N2-1) OSMT ' (2MT)? e
where & = /T2 and 4 = v/T3.
=2 2% 1(1+1)
= —
Or? 2



NLO OQS + pNRQCD predictions for R,, vs N

part at RHIC

M. Strickland and S. Thapa, forthcoming
R & {R(T).R(T),RUT)}, § = ~1.75, 176 = 0.25 fm, NLO

10~

0.8

04r
0.2r

0.0t

7 Tt Tt 7T 7

® STAR-Y(18) ® STAR-Y(1S)

O STAR-Y(25) 1.0 0 STAR - Y(2S)
NLO QTraj - Y(1S) NLO QTraj - Y(1S)
NLO QTraj - Y(2S) NLO QTraj - Y(25)
NLO QTraj - Y(3S) 0.8 NLO QTraj - Y(3S)

M. Strickland

200 250 300 350

Npart

50 100 150

Above are results from the NLO OQS + pNRQCD predictions for R,, at 200 GeV
compared to recently reported STAR data (2207.06568). Same parameters at LHC,
only changed the hydrodynamic background.

Framework does not predict enough 1S suppression

STAR data indicate similar levels of suppression for the 1S and 2Sfor N, _.. < 200.

part

Data from sPHENIX will be useful



A. Islam and M. Strickland, 2010.05457 and 2007.10211

Phenomenological KSU model RHIC predictions

M. Strickland and S. Thapa, forthcoming

mp = {0.8,1,1.2} m:2, Tr = 190 MeV, Tmed = 0.25 fm

T

® STAR-Y(1S) | ® STAR - Y(1S)
10 0 STAR-Y(@S) 1.0k O STAR - Y(25+3S)
KSU-Y(18) KSU - Y(15)
KSU.-Y(28): | KSU - Y(2S)
KSU-vY(@3s) | 0.8k KSU - Y(38)

0 50 100 150 200 250 300 350 B E— 5 8 10 12 11
Npﬂrt

Above are results from the KSU phenomenological potential.

It reduces to a Cornell potential with string breaking at T=0. Parameterization gives all
observed bottomium vacuum eigenenergies to a few %. For in-medium potential a KMS type
potential is used for the real part and the Laine et al result for the imaginary part is used.

The KSU model gets closer to the STAR data for the 1S, however, it can’t explain the 2S results
at the same time for N, ;< 225. The transverse momentum dependence which is dominated
by large N, ,; events, is reasonably well described.

M. Strickland
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