HSB ()" %%

An effective theory
of quarkonia in QCD matter

;1&<5==#85%# (351 &LBHORIPNI3@ABCDE&,-,+&E*+,-F&,,,&&&

Los Alamos

NATIONAL LABORATORY




Quarkonia in the QGP

| S %/)010M285%7.+$E T
O(#()9%.:%(:)%:)#")9(%

@
)<)=)B(# >%2#,(@<)95%<.$1 | © © P 0 o 0°

@.$9'8),)8%9 (#$8#,8% @#$8

Re[V]

((90@:##@(),'A)%*BC%
2,.2),()9%

! D.9(%9)$9'("')%(_%(;)%9?#@)LD#(9+'°/"d¢$%li’.€@Hl6%

('=)%()=?),#(+,)%?,.:'<)%%% %%

1 0% I(l+1)
2tred OT%  2ftreqr?

+ V(r)} rRpi(r) = (Ent — 2mg)r Ry (r)
: T 1/({r)

Y(r) = Y™ (7)Ru(r) 450 MeV Y(1S)

VY
» T20(5=6.9) » T=0(B=7.48) & T=0.86T¢

5
4
3
2
1

T=0.95T¢ » T=1.06T¢ « T=1.19T¢
T=1.24T¢ » T=1.41T¢c « T=1.66T¢

00 02 04 06 08 1.0 12 1.4

r [fm]

J.G-?  VBHSYIREF16%

Xb(lp)

D. @ 995%BYaR M6% 240 MeV J/y(1S)

200 MeV

[

0

0

1

%(1P) 0

NH#AH" . "BHBYIRIEO 6% 8
1

1

Dynamics is more complicated Pnon-
equilibrium transport, recombination E %!

n B, (GeV) /(r2) (GeV™!) k? (GeV?) Meson
I 0.700 2.24 0.30 T/

2 0.086 5.39 0.05  (29)
1 0.268 3.50 0.20 Ye

1 1.122 1.23 0.99  T(19)
2 0.578 2.60 022  T(29)
3 0.214 3.89 0.10  T(39)
1 0.710 2.07 0.58  xu(1P)
2 0.325 3.31 0.23  xu(2P)
3 0.051 5.57 0.08  xu(3P)



Challenges and hypothesae
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Production of quarkonia at

Intermediate and high p-

£ ¥ Non-Relativistic QCD (NRQCD) -a particular

N.8U'$ ¥5#$YRBG\6%

type of effective theory (EFT) P;.9%8"#3$Y0RBG16%
o 1,1,1,1
mo (E;g)[l)o'res all regimes of bh: 2~ 0.1 Ultra-softl  ©3 mQu( )
: [T 2
CE: 'U2 ~ 03 pus mQU (1,1,1,1)
D’ | D?
Perturbative ! Lxrqep = Liignt + 97 (iDo + m)l/i +xT (%Do — W)X

mqQu R R —— f

Non-Perturbative ! _ _
A QCD without the  ultra-soft! +th|\(|9 fg{ - soft interactions !
oD heavy Ravor ! a -

mQ’U
typical momentum if heavy quark:! |PQ| ~ MmQu % ﬁ
=

2
typical kinetic energy if heavy quark:! Kq ~mqu

¥ NRQCD factorization formula. Short distance cross sections (perturbatively
calculable) and long distance matrix elements (fit to data, scaling relations)

do(a+b— Q+X) =) do(a+b—QQ(n) + X)(O2)



NRQCD practical examples

¥ One has to be careful, the simple power counting approximately manifest in

the LDMEs can be affected by the partonic cross section B a large number of
singlet and octet; S wave and P wave terms enter

do(J/) = do(QR(PS111))(O(QQ(Si]1) — J/+)) + da(QQ([*Sols)) (O(QR([*Sols) — J/%))

+do(QQ

+ do(Q

¥ The situation is similar for

bottomonia
¥ Excited states have their own
expansion

The questionis —is there a
simplification at high p; where the
p; dependence of the short distance
cross section dominates (and
expressions simplify)
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Leading power factorization

Singlet contribution  RO%Y<)="$##6&# (5% DOB#+=1#,(%#$086/KLFQ _0%DHHE%&H (B%

LO! NLO! NLO! NNLO!
3 S£8] 1 558] 3 P58] / 0+ X'
e e i 4
1 ) single) Parton \ A
~ ~ fragmentation
Pl Pl

process! | / \

LO! NLO!

Octet contribution = |$<>%#%9+79)(%.:%@.$(, 7+(*.$9%9+,"")5%$.U%
'$(),?,)(HT<)%H#9%(.$ %: #1=)$(H( . $% 'S4 - $'# %



LP example and applicability

do d:z: daZ m?2 - s Prompt ¢(25)
. —(p.) Z/ y u) Di/n(z, 1) + O (—Qh) R mm%% - CMS data x 10, Jy] < 1.2 1
DL z pl Z by Q - Lo - CMS data, [y] < 1.2
= H—l**mm‘=‘=‘ "l 44 CDF data, [y < 0.6
pr > Mg . bTE“ 1073 | ———
BN 1 (P dy)(, p) (O S g —
In (pT) n (2mQ) z/n( 'UJ)< n> Exﬁ — =t =
DGdLAP Evolution! R = r it “
X z = LP+NLO, Tevatron |y| < 0.6
o o 1
d z/h, “ ,LL Z/ zJ z/h( ,LL) s . , %
o D pDDDgp m B i 5 % 1
Resummation of! In(pr/ms) o T
Q
—_ 15
P.$(,"7+(".$9%U)%(#-)%'$%.+,%U.,-% = “ 0 -EE :
A o, 0.5
e T e ) /(28 =1 l
fﬁ \ T i a—
’ 3 gl® 0.5
10 15 20 30 50 70 100
BORGBU'$ F6#$0684# (8% 7 OV
|- Applicability must be determined

phenomenologically



Comparison of energy loss

phenomenology to data
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Double suppression ratio Y(2S) / J/W
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NRQCD in a background medium
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Allowed interactions in the medium
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Background field
method

Hybrid method

Matching method

8'9(,'7+(.$%

Perform a shift in the gluon field in the NRQCD Lagrangian then perform the
power-counting

From the full QCD diagrams for single effective Glauber/Coulomb gluon
perform the corresponding power-counting, read the Feynman rules

Full QCD diagrams describing the forward scattering of incoming heavy
quark and a light quark or a gluon. W)%lso derive the tree level expressions

of the effective fields in terms of the QCD ingredients



Example of the background field

method (collinear source)
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The QCD forward scattering

diagram expansion
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Possible phenomenology

applications
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Conclusions
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