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m Schrodinger Equation Approach
= Nambu-Bethe-Salpeter wavefunction

m Conventional Exponential Fits

®m Maximum Entropy Method

Related topics = bottomonium at finite temperature

B Spectral Functions
B Non-zero momenta

B “Ground state” mass
= width



~ 1,500 pages

zero pages on Quark-Gluon Plasma...



Static Quark Potential ( 1" = 0)

[V(n)-V(r0)]*rO
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Kawanal, Sasaki, arXiv:1111.025
lkeda, lida, arXiv:1102.2097

m finite-quark mass

B quenched

We extend this by using:
m 2 (+1) flavour

m finite temperature

B anisotropic lattices



Hatsuda, PoS CDO09 (2009) 068 use the Schrodinger equation to
“reverse engineer” the potential, V' (r), given the Nambu-
Bethe-Salpeter wavefunction, v (r):

input input
r Lo
(27 +7V0)) 0) =E v0)
l
output

y(r) is determined from a lattice simulation from correlators of
(point-split) operators, J(z;7) = q(x) I' U(x, z + 7)g(x + 7)

C(rt) = Y <JO;7) J(x;7) >

— () e



Dublin-Maynooth N; = 2 configurations
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Dublin-Maynooth N; = 2 configurations

Ns Ny T(MeV) T/T. Nctg
12 80 90 0.42 250
12 32 230 1.05 1000

12 28 1000
12 24 500
12 20 1000

12 18 408 1.86 1000
12 16 458 2.09 1000

anisotropic lattice with £ = a,/a, ~ 6
a, = 0.167 fm

Vector and Pseudoscalar Channels
Charm treated relativistically



Correlation Functions (PS)
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Correlation Functions (PS)

12

10

e0oce o
o000 © OdNM<TLOO|N
NN IR
es ¢
e o 0o @ °
[ 4 | [ o
©O N ¥ © ® m_ N M.__
((1D)6o]
[ [ [
© e o o o ° —
—
I e o o o °
Z
e o o o ° —©
e o o @ °

e o oo ° <
o000 o
o000 O — N
OdNM< OO
coe RTINS
| | e o o o °

((M)0)6o|



T _ T _ T _ T _ T _ T _ T _ T
— ) ° —1Y
— __..L ° ° e E
P
- o0 ° -
— o0 ° —eo
- oo oo -
— ) —©
- KK -
— KK —<
- eooe -
— eooe O-NMITLOO|N
LI O 1 I I 1 I B
[ U G S S T .
- esw
o o °
A_ _ | _ | _ | o
(qV o AN < (o] [ce] o N <
1 1 1 1 1 l 1
(()o)boy
T T _ T T _ T T
— ° o ° — o
(o]
—
-1 o o ° -
Z
— ° ° —©
- o o ° -
— o0 —<
- ecoe -
— sooce -
O NM<ITLO O
. NN
o o °
€ | _ | _ | o
N o N < (o] (e} o
1 1 1

(()2)Boy

T _ T _ T T
— oo o o —9
- ') ° .
Al
- I X ° .
—

- ') ° .
L - a - _|o

s s s Q
- o0 o @ .
— XK —{ o
- XKK) .
— eoove —Jw©
- XX .
— X — <
- YY)

O—-dANMT LN O
= INTRUNUNNRIAES
- o o °

_ 1 _ 1 o
o Lo o L0 o
— 1__ N

(@)ool



— ° ° —1Y
-m o i
- __..L ° ° —19
Z
- ° ° —
- o0 —o©
— . —
— eooce —<
— eoce OdNM<TLOO|N
I nn
[ U G S S T .
- esw
° o °
et 11 _ o
(qV o N < O [ee] o N <
1 1 1 1 1—— ‘I—— 1——
((1No)6o|
T _ T _ T T
- ° ° —
©
—
L1 ° ° _
Z
- ° ° —o©
— K —<
— (X ) — N
O—dNM< OO
e PYRTIET
° o °
€ - =)
N o N < (o] (e0] o
1 1 1 1_—

(()2)Boy

[ T T T _ T _ T T |0
0 ?
e0 o0 @

NS
0 KK
e0 o o
! 28
-z 08 19
e0 o o
e0 o o
e0 o o
L e0 o o -
e0 o o
e0 0 @
e0 o o
L Iy e
oo o o N
e0 o @
K
e0 o @
L eo o e -
)
A
es o e
| _lo
Y'Y —
YY)
core OdNM <O ©
- eooe I
[T ] [ N U G G G S -
e
e o o °
JA 1 _ 1 _ 1 O
° % 2 2 § 8 8
((1o)6o|
T _ T _ T T

- oo o o —9

BN oo o o -

- ™M oo o o 15

L __t o0 o o -

- Z oo o 0 —_1Y

L eo o e -

L e - a o

e e =

L eo o e -

- eo o e — oo

L ec e -

- ecoce o

L ecoe -

- eece <

L eece

O—-dANMT LN O
- eee PTORTET |
- o o °
_ 1 _ 1 o
=% 3 8§ 3

(@)ool



Effective Masses (PS)
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Effective Masses (PS)
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Wavefunctions (exp fitting) C(t) — [¢(r)[?e M
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Wavefunctions (exp fitting) C(¢ e\w(r)ﬁe_MT
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Via = 3 Ves(r) + 3V (r)]

with the Schrddinger Eq’'n used to define V (r):

Vr(r) = FE + o) Quw(r)

where p Is the reduced mass:

1
H=5mQ where  mg ~ Mpy/2



Potential (exp fitting) [Preliminary]
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Potential (exp fitting) [Preliminary]
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Do bound hadronic states persist into the “quark-gluon” plasma phase?
How can we extract transport coefficients?

B Spectral functions can answer this!

C(t.p) = / p(w, §) K (t,w) du

T l N\
Euclidean Spectral (Lattice)
Correlator Function Kernel

where the (lattice) Kernel is:
cosh|w(t — N¢/2)]
sinh|w/(2T)]

~  exp|—wt]

K(t,w) =



Example Spectral Functions

p(w)




Example Spectral Functions
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Example Spectral Functions

p(w)
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Example Spectral Functions

ct)~ [ ple) e d
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m Extraction of a spectral density from a lattice correlator
IS an ;
= Given C(t) derive p(w)
= More w data points then ¢ data points!

B Requires the use of analysis -

Maximum Entropy Method (MEM)

= Hatsuda, Asakawa et al
= Commonly used in other areas...

® Need to check MEM output w.r.t. choice of:

= Default model
= Statistics

= Energy range
= Euclidean time range



Spectral Functions (PS)
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Spectral Functions (PS)
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Wavefunctions (MEM)
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Wavefunctions: MEM v exp (PS)
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Wavefunctions: MEM v exp (PS)
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Wavefunctions (MEM)
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Successfully calculated the inter-quark potential in
charmonium at finite temperature.

Future Plans:

® Increase from 123 to 243 and 322 volumes with
Ny=2+1

m Will study P-wave states



Related topics = bottomonium at finite temperature

early universe

%UCE quark-gluon plasma

x RHIC

Tc~ 170 MeV |« Crossover <Wy> LD

T

quark matter

<gy>>0
Crossover

hadronic fluid _ _
superfluid/superconducting
° / phases ?
ng=0 n>0 2SC <LUL|J7 >0 opL
vacuum nuclear matter neutron star cores
. 0922 MeV
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% 80
E 705_ a) CMS, pp,\'s = 2.76 TeV
= sok- pl >4 GeVic, | < 2.4
5 P <20 GeV/c
2 oo
2k Lt = 225 nb™

40

I 1 1 1 1
13 14
uu invariant mass [GeV/c?]

p-p collisions



Events / ( 0.14 GeV/c?)

N (%] B a (2] ~ [
o o o o o o o
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

Y
o

arXiv:1105.4894

a) CMS, pp,\'s = 2.76 TeV
p:_ >4 GeV/c, "] <2.4
p‘T{ <20 GeV/c
Lt = 225 nb™

8 9 10 1 12 13 14
uu invariant mass [GeV/c?]

Events / ( 0.14 GeV/c?)

D
o

a
o

W
o

N
o

&
o
III|IIII|IIII|IIII|IIII|III

=y
o

(=2
~

CMS, PbPb,\/s, = 2.76 TeV
pi >4 GeVic, "] < 2.4

p‘Tf <20 GeV/c

L = 7-28 ub™

of

8 9 10 1 12 13 14
uu invariant mass [GeV/c?]



Events / ( 0.14 GeV/c?)

[os]
o

~
o

[=2]
o

50

40

30

20

10

arXiv:1105.4894

a)

CMS, pp,\'s = 2.76 TeV
p:_ >4 GeV/c, "] <2.4
p‘T{ <20 GeV/c
Lt = 225 nb™

PR [T SR S S NSNS (N T ST SO S M S S
10 1 12 13 14

uu invariant mass [GeV/c?]

Events / ( 0.14 GeV/c?)

[<2]

o
(=2
~

a
o

W
o

&
o
III|IIII|IIII|IIII|IIII|III

20

10

CMS, PbPb,\/s, = 2.76 TeV
pi >4 GeVic, "] < 2.4

p‘Tf <20 GeV/c

L = 7-28 ub™

1 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1 12 13 14
uu invariant mass [GeV/c?]

Pb-Pb collisions



Dublin-Maynooth N; = 2 configurations

N, N, T(MeV) T/T. Ne,
12 80 90 0.42 250
12 32 230 1.05 1000
12 28 263 1.20 1000
12 24 306 1.40 500
12 20 368 1.68 1000
12 18 408 1.86 1000
12 16 458 2.09 1000

anisotropic lattice with £ = a,/a, ~ 6
Bottom quark = NRQCD

(as = 0.167 fm)

Have < one part per mille statistical error in correlators
Plagt = (1,0,0),...(2,2,0) i.e. p=0.634,...1.73 GeV



P-wave Correlators
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P-wave Correlators
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Confirmation that (high temp) P-wave state is “free”




a,AE Mass (MeV) Expt (MeV)

0.118(1) 9438(8) 9390.9(2.8)
0.197(2) 10019(15) -
0.121(1) 9460 9460.30(26)
0.198(2) 10026(15) 10023.26(31)
0.178(2) 9879(15)

0.175(4) 9857(29) 9859.44(42)(31)
0.176(3) 9864(22) 9892.78(26)(31)
0.182(3) 9908(22) 9912.21(26)(31)
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From Brambilla et al thermal contribution to the width iIs

I 1156 4 5
— = ——a°~14.2
T 21 Qo o,

(at leading order in weak coupling and large mass
expansion).

Ourresults — I'/T ~ 1 s0 a, ~ 0.4.

Also from Brambilla et al thermal contribution to the mass is

170 T°? T2
ok ermal — —~ (Qs—7, = 9. S s
th 1 9 (87 Vi 5.93«c Vi

(see dashed line)
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New results with non-zero momentum

Preliminary...

Dlatt = (1,0,0),...(2,2,0) i.e. p=0.634,...1.73 GeV
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G(t;p)/G(1;p=0)
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Single ratio
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Double ratio
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Non-zero momentum, spectral function, 7T # 0
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Width as function of speed
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~ 1,500 pages

zero pages on Quark-Gluon Plasma...



the end
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