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Sommerfeld Effect

e annihilation cross-section
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Sommerfeld Effect

e enhancement of annihilation for slowly moving particle :
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Sommerfeld Effect

e Sommerfeld effect enhances the Born matrix elements

‘57\/[resumme412 = 5‘ W[tree|2

for the color singlet

Xy g
51:1_e_x17 1 CF4_
and for the color octet
Xg Ne 9°
=_"° Xo=(==_—Cr)X
58 = g% 10 (2 F)4v

e QCD is non-perturbative and decay of quarkonium state is described
as (NRQCD factorization, G.T. Bodwin et al, PRD51 (1995) 1125)

M= Z|<OI> 2 ipartonic
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Thermal Sommerfeld Effect in QGP

e Lee-Weinberg equation (B.W. Lee and S. Weinberg, PRL39 (1977)
165)
din = —(Tev)(n® —ngy)

e chemical equilibriation rate of heavy quark in Quark-Gluon Plasma

(QGP)
e relic density of dark matter particle in early universe

e linearizing Lee-Weinberg equation (SK and M. Laine, JHEP 1607
(2016) 143)
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Method
How to calculate: Usual way

e consider Boltzmann equation*

2 2 . .
atn ~ _‘C(rl — neq) = n|oss‘+’nga"1

VVith h|oss — _‘CI12

e in equilibrium, n(t) = ngqand dn ~ —2cndn

r on Nioss
chem=— —|eq = -

neq
e then perturbatively

I chem= m // (2m)*8* (P + Py — Ky — Ky)fe (Ex, )fe (Ex,.
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Method

[ chemas a transport coefficient

e chemical equilibriation as a transport coefficient (D. Bddeker, M.
Laine, JHEPO7 (2012) 130, 01 (2013) 037)

e treat the approach to the equilibrium as a Langevin process

on(t) = —TchenPn(t) +&(t)
((E(DE())) = Qenend(t —t'),  ((&(t))) =0

where dn(t) is the deviation from the equilibrium and §(t) is a
stochastic noise
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Method

[ chemas a transport coefficient

e to access (2chem coONsider correlators (for heavy quark, or
non-relativistic QCD, the heavy quark number is replaced by
hamiltonian) in imaginary time

Q1) = %(&H(T)atH(O))qm

or
1
AT) = V("'(T)H(O»qm
then
Qchem= lim 2T Pa(w) or = lim 2T wpa (w)
I chem< W< Wyy (V) Ww<«<T
and

limgy o+ 2T 22(2) or  Mocr 2T6pa ()

2XfM2 2XfM2
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Method

[ chemas a transport coefficient

e consider

[ HEXHO9) WX 0) X0, (60— 6T - 1)

= TP RO R'9)(0) [ _ADAW.)]

Ll Nl

= 2 > adme P (@TR(w.0)) R0 | AE)AE)]

X7

am? _ _ ey~ . ot =
= 728 BEme(Tl T2)(Em 8n)<qq’m|lf[_|-rx‘l']><I’]|X-’-l:IJ‘qC|,m>
mn

En are the states with heavy quarks, €, are states without heavy
quarks
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Method

[ chemas a transport coefficient

o with Gun = e ~PEn (qg, m| ('K In) (n[R T (lad, m)

11 —12)(Em—€m)

B B (
e(1) Zmz’ncmn/0 dTl/O deerﬁ[e(r—rl)Jre(rz—r)]

e then with w, &, << En,
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Method

[ chemas a transport coefficient

o finally,

Qchem =

4|mf1(150)

z Cmn

161mfy (*So) = = ¥ e P {a@,m|§ RIm) (| Glad, m)

161mis(1So) 2 Tr[e#(4750(0*.0) (" #)(0.0)|
161mfy(*So) (('X)(07.0) (x")(0.0))
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Method

[ chemas a transport coefficient

Pl = z—ilcRe<Ggo(;ii(B?6;ova)>v
Pr = g (Gl(B.5:0.0)0, (B:0.0)).
P, = 2N2<Gw ;(B,0; 0 O)GW"(B,O 0,0)).

e singlet Sommerefeld factor

e octet Sommerefeld factor
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Method

[ chemas a transport coefficient

e P-wave Sommerfeld factor

- Pp

S, =
Ve

with
pp = Tr{AiGy (B,0;0,0;1)G'(B,0;0,0)) — Tr(Gy (B,0;0,0;i)A;G'(B,0;0,0))

e P-wave state may have a better signal-to-noise ratio in an
experimental situation or a better detection strategy

e bound states are important in thermal Sommerfeld effect and P-wave
has lower melting temperature
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Lattice setup

e anisotropic Euclidean lattices (i.e., the time direction lattice spacing
is different from the space direction lattice spacing, as/a; = 3.5),

as = 0.1227(8) fm

o N; = 241 light quark flavors (M ~ 400 MeV, Mk ~ 500 MeV)

® 243 x N lattices

e T, =185 MeV, agM = 2.92 (bottom) and 1.5 (~ charm)

e lattices used for bottomonium at T # 0 study (G. Aarts et al, JHEPO7

(2014) 097) and electric conductivity of QGP (G. Aarts et al, JHEP-2
(2015) 186)
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Lattice setup

) x,0
G'(0,x;:) = —,
©Ox) = =
n n
Ge(aUX;') = <1_at21:4)> Ug(07x) (1_%> GS(O7X;')7

GS(T+ahX;') = <1_at21:4) at;:?) (1—at5}[)Ge(T,]

>nUJ(T,x) <1—

where U, is a time-direction gauge link. The lowest-order Hamiltonian
reads

where A is a discretized gauge Laplacian.
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Lattice setup

The higher order correction is

(A(z))2+igo(D-E—E-D) 9,0 - (OxE—Ex0O)
gm3 8M2 8M?2
_%0°B a2A® g (AR))?

OH =

2M 24M 16nM2 ’
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Result/Discussion

Lattice result of thermal Sommerfeld factor (S-Wave)

e SK and M. Laine, JHEP1607 (2016) 143
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Result/Discussion

Analytic estimate of thermal Sommerfeld factor (S-wave)

e SK and M. Laine, JHEP1607 (2016) 143
T=2T,
T ' T T T
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Result/Discussion

Analytic estimate of thermal Sommerfeld factor (S-wave)
M=45GeV, T=27
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Result/Discussion

Lattice result of thermal Sommerfeld factor (S & P-Wave)

Ne T/Tc asM M/T § Sp

32 095 292 26.7 1690(410) 6.2(1.6)
28 109 292 234 301(35) 1.8(2)
24 127 292 200 134(13)  1.2(1)
20 152 292 167 48(3) 0.64(4)
16 190 292 133 21.6(6) 0.45(1)
32 095 150 13.7 758(128) 9.0(1.5)
28 1.09 150 120 142(15)  2.8(3)
24 127 150 103 69(5) 2.1(1)
20 152 150 857 30(2) 1.44(6)
16 190 150 6.86 15.7(3) 1.20(2)
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Result/Discussion

Lattice result of thermal Sommerfeld factor (S & P-Wave)
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Result/Discussion

Discussion

e a real time quantity, chemical equilibriation rate, is calculated
non-perturbatively using Euclidean lattice without analytic continuation
for the first time.

e in the current relativistic heavy ion collision experiments, charm
guark and bottom quarks do not chemically equilibriate.

o thermal Sommerfeld effect for S- & P-wave bottomonium annihilation
is calculated using lattice NRQCD.

e bound state is the cause of large enhancement for S-wave thermal

Sommerfeld factor. for P-wave, we expect quarkonium melting within
the investigated temperature range’
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