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Introduction
Vector mesons are good probes to study in-medium effect.

Mass shift, 
Broadening, 
Dissociation,…

Medium

Vacuum

      Modification of QCD vacuum 
      ex) light meson at finite density -> chiral sym. 
             Quarkonium at finite T -> conf./deconf.
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Introduction

In medium

In vacuum By Lorentz symmetry,


Polarization states are not distinguishable 

<latexit sha1_base64="ZfhlwhgVhtXACvHvT7EYK9RKvEI="></latexit>

E(v) =
m0p
1� v2

⇡ m0(1 +
1

2
v2 + · · · )

Lorentz symmetry is broken.


A. Non-trivial velocity dependence

B. Longitudinal  Transverse≠

<latexit sha1_base64="wu1wStZlkPgLemmDogMel7FqB84="></latexit>

E(v) ⇡ m0(1 + (
1

2
+�↵)v2 + · · · )<latexit sha1_base64="NB0NnIQy4WpEeZhxS2OG5RRN38k="></latexit>

~v
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(E, ~p )
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~v
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(E, ~p )

In reality, particles produced in experiments have non-zero 3-momentum.

When a massive vector particle is moving with a finite velocity…
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E2 � ~p 2 = m2
0
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E2 � ~p 2 6= m2
0



Motivation
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•  meson in normal nuclear matter density 

•  and other quarkonium near Tc (in progress)

ϕ

J/ψ

- PLB 772 (2017) 194-199 H.Kim, P.Gubler, S.H.Lee

- PLB 805 (2020) 135412 H.Kim, P.Gubler


A. Non-trivial 3-momentum dependence on mass shift

B. Difference between Longitudinal and Transverse polarizations

Using QCD sum rules,



Some experiments for ϕ

R.Muto et al, PRL 98, 042501 (2007)

• E325(KEK) • E16(J-PARC)

Re-confirm E325

Target size dependence

+ momentum dependence 
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Slow

Middle

Fast

Small Large

Best fit :

= − 35MeV


    = 15MeV 
Δm

Γ

Target

size

Momentum



Some lattice simulations for Quarkonium 

- Momentum-dependence of charmonium spectral functions from lattice QCD

arXiv:1005.1209 (2010), M. B. Oktay and J. I. Skullerud

longitudinally polarised J/ψ experiencing smaller medium modifications. Uncertainty is too large.


- Momentum dependences of charmonium properties from lattice QCD

Nucl.Phys.A 904-905 (2013), H.-T.Ding

Momentum dependence of charmonium V and P channels at T=0.73Tc,1,46Tc


- S-wave bottomonium states moving in a quark gluon plasma from lattice NRQCD

JHEP03(2013)084.  G. Aarts, C. Allton, S. Kim, et al.

Momentum dependence of  and . effectively T independent.


- In-medium dispersion relations of charmonia studied by maximum entropy method

Phys.Rev.D 95 (2017) 1, 014504, A.Ikeda, M.Asakawa, M.Kitazawa 

,  dispersion relation. But not changed from the vacuum within the error even at T~1.6Tc


- Thermal modifications of charmonia and bottomonia from spatial correlation functions. 

EPJ Web Conf. 175 (2018), 07021, H.-T.Ding, O.Kaczmarek, A.I.Kruse, S.Mukherjee, H.Ohno et al.

dispersion relation in the P and V channels for both charmonia and bottomonia. Not modified upto 2.25Tc


Υ(1S) ηb

J/ψ ηc
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Basic idea of QCD sum rules in medium

•  with fixed ,


•  with fixed ,

q2
0 > 0 | ⃗q |

q2
0 ≪ 0 | ⃗q |

Dispersion relation
<latexit sha1_base64="G9mfA70W0eCMWjnqhSSJD11KLUw="></latexit>

⇧OPE(q2
0
, |~q |) =

Z 1

0

d!2
⇢(!2, |~q |)
!2 � q2

0

<latexit sha1_base64="OW6qiqI2HcPL5Y5+Drww7qD9X7U="></latexit>

QCD
<latexit sha1_base64="9DjumyKXEiqAW8RTPZ13CVXpYh4="></latexit>

Hadron
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<latexit sha1_base64="N7XGjt/CDt6f6jOuRvUffYhur8I="></latexit>

⇧OPE(q2
0
, |~q |) =

X

n

Cn(q
2

0
, |~q |)hOni

<latexit sha1_base64="S3hII9fDbPb/KQh/iLo10ccM5JE="></latexit>

⇢(q20 , |~q |) =
1

⇡
�⇧(q20 , |~q |)

<latexit sha1_base64="UJzzutiIQdO6Msq1ZU1RHZF48jY="></latexit>

⇧µ⌫(q20 , |~q |) = i

Z
eiq·xhT{jµ(x)j⌫(0)}i

<latexit sha1_base64="FcXPOEJcFpa5dTb69pDfqyFT/uA="></latexit>

�⇧(q20 , |~q |) =
⇧(q20 + i✏, |~q |)�⇧(q20 � i✏, |~q |)

2i✏



Strategies for finite 3-momentum in QCDSR
• Separate polarizations w.r.t. 3-momentum


• Change of variables 


• Momentum dependent spectral parameters

<latexit sha1_base64="kM6GltKeKYqv7YCYO8bOpDWGnF4="></latexit>

⇧L =
1

~q2
⇧00, ⇧T = �1

2

⇣ 1

q2
⇧µ

µ +
1

~q2
⇧00

⌘

<latexit sha1_base64="Pdhrb1ILNl6W6ZSzbz/wVIAEs5w="></latexit>

⇢(s, |~q |) = f(|~q |)�(s�m2(|~q |)) + ✓(s� s0(|~q |))⇢continuum(s)

<latexit sha1_base64="s6RIaKfLqsRc8TmphNd/0PDSo9I="></latexit>

(q20 , |~q |) ! (q2, |~q |)
<latexit sha1_base64="G9mfA70W0eCMWjnqhSSJD11KLUw="></latexit>

⇧OPE(q2
0
, |~q |) =

Z 1

0

d!2
⇢(!2, |~q |)
!2 � q2

0

<latexit sha1_base64="xUiqnh+LfGQumpx/oWCCrCO9qCs="></latexit>

⇧OPE(q2, |~q |) =
Z 1

�~q 2

ds
⇢(s, |~q |)
s� q2

<latexit sha1_base64="xEMUgl1yNfPO/Qm+bYNvxCvi0VE="></latexit>

!2 ! s+ ~q 2
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• Absorb trivial momentum dependence 
inside energy variable


• Remaining momentum dependence 
stands for pure non-trivial one

For more details,

PRC57.927 (1998), S.H.Lee

PRC58 (1998) 2939, S.Leupold, U.Mosel

PLB 805 (2020) 135412 H.Kim, P.Gubler

: Simple pole+continuum ansatz

<latexit sha1_base64="+fXJF92s1s3kO6mlpwnWg9j9A8A=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahQim7UtRj0YvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49uZ336iSrNIPphJTH2Bh5KFjGBjpcdyWBEV3XfP+8WSW3XnQKvEy0gJMjT6xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdK6qHqX1dp9rVS/yeLIwwmcQhk8uII63EEDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AEsDI9b</latexit>

(f,m, s0)



OPE structure with finite 3-momentum

• Non-trivial 3-momentum dependence appears from Wilson coefficients of 
non-scalar operators, i.e.  and 


• Automatically,  and            origins for 


• Not Taylor expansion, determined by operator dimension&spin

E(q2) F(q2)

EL ≠ ET FL ≠ FT L ≠ T

<latexit sha1_base64="iIstYoRGZ43yCInVYrQdXNmd6Tc="></latexit>

⇧OPE(q0, ~q ) =
X

n
Cn(q0, ~q )hOni

= CI(q0, ~q ) + Cs(q0, ~q )hOsi+ Cns(q0, ~q )hOnsi

= CI(q
2) + Cs(q

2)hOsi+ (D(q2) + E(q2)~q 2 + F (q2)~q 4 + · · · )hOnsi
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OPE structure with finite 3-momentum

• Non-trivial 3-momentum dependence appears from Wilson coefficients of 
non-scalar operators, i.e.  and 


• Automatically,  and            origins for 


• Not Taylor expansion, determined by operator dimension&spin

E(q2) F(q2)

EL ≠ ET FL ≠ FT L ≠ T
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X

n
Cn(q0, ~q )hOni

= CI(q0, ~q ) + Cs(q0, ~q )hOsi+ Cns(q0, ~q )hOnsi

= CI(q
2) + Cs(q

2)hOsi+ (D(q2) + E(q2)~q 2 + F (q2)~q 4 + · · · )hOnsi
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Operators and their V.E.V.s
• For heavy quarkonium at finite T,


Upto dim-4,


       
pure SU(3)

Scalar : Non-scalar :
<latexit sha1_base64="tpMFfaEfy/bN0pM+4Qp874bz1rY=">AAACFHicbZDLSsNAFIYn9VbrLerSTbAIglASKeqy6EKXFewFmhhOppN26GQSZiZCCXkIN76KGxeKuHXhzrdx2mahrT8MfPznHM6cP0gYlcq2v43S0vLK6lp5vbKxubW9Y+7utWWcCkxaOGax6AYgCaOctBRVjHQTQSAKGOkEo6tJvfNAhKQxv1PjhHgRDDgNKQalLd88cUMBOHOBJUPwZZ65Cc2v78HP3Ch1eao5gwJ9s2rX7KmsRXAKqKJCTd/8cvsxTiPCFWYgZc+xE+VlIBTFjOQVN5UkATyCAelp5BAR6WXTo3LrSDt9K4yFflxZU/f3RAaRlOMo0J0RqKGcr03M/2q9VIUXXkZ5kirC8WxRmDJLxdYkIatPBcGKjTUAFlT/1cJD0CkpnWNFh+DMn7wI7dOac1ar39arjcsijjI6QIfoGDnoHDXQDWqiFsLoET2jV/RmPBkvxrvxMWstGcXMPvoj4/MH8+WgCA==</latexit>↵s

⇡
Ga

µ⌫G
aµ⌫

<latexit sha1_base64="/uXU6TMU1hFSQNrHXp8dKa7CIkA=">AAACG3icbZDLSsNAFIYn9VbrLerSTbAIrkpSirosutBlBXuBJoaT6aQdOpmEmYlQQt7Dja/ixoUirgQXvo3TNgtt/WHgm/+cw8z5g4RRqWz72yitrK6tb5Q3K1vbO7t75v5BR8apwKSNYxaLXgCSMMpJW1HFSC8RBKKAkW4wvprWuw9ESBrzOzVJiBfBkNOQYlDa8s26GwrAmQssGYEv88xNaH59D37mRunc1dcMCvRdnvpm1a7ZM1nL4BRQRYVavvnpDmKcRoQrzEDKvmMnystAKIoZyStuKkkCeAxD0tfIISLSy2a75daJdgZWGAt9uLJm7u+JDCIpJ1GgOyNQI7lYm5r/1fqpCi+8jPIkVYTj+UNhyiwVW9OgrAEVBCs20QBYUP1XC49Ah6V0nBUdgrO48jJ06jXnrNa4bVSbl0UcZXSEjtEpctA5aqIb1EJthNEjekav6M14Ml6Md+Nj3loyiplD9EfG1w9+wKL0</latexit>↵s

⇡
Ga

µ↵G
a↵
⌫

<latexit sha1_base64="AJDq4Z6K4LMTDQwARCzDMleBkck="></latexit>⌦↵s

⇡
Ga

µ↵G
a↵
⌫

↵
T
= (uµu⌫ � 1

4
gµ⌫)G2(T )

<latexit sha1_base64="LfSnn4TEAm56FzSsVnTqXFPcSyQ="></latexit>⌦↵s

⇡
Ga

µ⌫G
aµ⌫

↵
T
= G0(T )

<latexit sha1_base64="HClmLsQPtw60X/xpJKtcgzENiR0=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyxCBSkzUtSNUHTjsoJ9QDuWTJq2oUlmyEOoQ7/EjQtF3Pop7vwbM+0stPVcLhzOuZfcnDBmVGnP+3ZyK6tr6xv5zcLW9s5u0d3bb6rISEwaOGKRbIdIEUYFaWiqGWnHkiAeMtIKxzep33okUtFI3OtJTAKOhoIOKEbaSj23aB663FyV/VMvrZOeW/Iq3gxwmfgZKYEM9Z771e1H2HAiNGZIqY7vxTpIkNQUMzItdI0iMcJjNCQdSwXiRAXJ7PApPLZKHw4iaVtoOFN/bySIKzXhoZ3kSI/UopeK/3kdoweXQUJFbDQReP7QwDCoI5imAPtUEqzZxBKEJbW3QjxCEmFtsyrYEPzFLy+T5lnFP69U76ql2nUWRx4cgiNQBj64ADVwC+qgATAw4Bm8gjfnyXlx3p2P+WjOyXYOwB84nz+3a5Eu</latexit>

uµ = (1, 0, 0, 0)

<latexit sha1_base64="x8RAjTRB+0wTHf7FAs9Gad9OOZU=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0WpICUpRd0IRRd1WcE+oIlhMp20Q2eSMDMRSuh3uPFX3LhQxJ248W+ctlnU6oGBwznncuceP2ZUKsv6NnJLyyura/n1wsbm1vaOubvXklEiMGniiEWi4yNJGA1JU1HFSCcWBHGfkbY/vJ747QciJI3COzWKictRP6QBxUhpyTPtumeVrJPjS6ts2RXn1BE8rZPW+L7qOIW6V5l587pnFnV2CviX2BkpggwNz/x0ehFOOAkVZkjKrm3Fyk2RUBQzMi44iSQxwkPUJ11NQ8SJdNPpaWN4pJUeDCKhX6jgVJ2fSBGXcsR9neRIDeSiNxH/87qJCi7clIZxokiIZ4uChEEVwUlPsEcFwYqNNEFYUP1XiAdIIKx0mwVdgr148l/SqpTts3L1tlqsXWV15MEBOAQlYINzUAM3oAGaAINH8AxewZvxZLwY78bHLJozspl98AvG1w8HX5yV</latexit>

G0(0) = 0.012GeV4

G2(0) = 0GeV4

 NPB147, 448 (1979), 

NPB147, 385 (1979)
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PRD.82.054008, 

K. Morita, S.H.Lee

In vacuum At finite T



Operators and their V.E.V.s
• For  meson in nuclear matter,


Complete OPE upto dim-6


       

ϕ

<latexit sha1_base64="0cYJg3JkUjyY8l8AQsBTPndiCjo="></latexit>

s̄s, Ga
µ⌫G

aµ⌫ , s̄�µ(D⌫Gµ⌫)s, D
µGa

↵µD⌫G
a↵⌫ , s̄ta�5�µss̄ta�5�µs,

<latexit sha1_base64="083tTCReizUs/b+A38RTiyAjkrU="></latexit>

s̄(DµG↵µ)��s, s̄{iD↵, G̃�µ}�5�µs, mq s̄D↵D�s, s̄�↵iD�s, s̄t
a�5�↵ss̄t

a�5��s, s̄�↵D�D�D�s,
<latexit sha1_base64="5qok6eWAsM6oLHewtp9NxpOXQpw="></latexit>

Ga
↵µG

aµ
� , Ga

µ⌫D�D↵G
aµ⌫ , Ga

↵µD
µD⌫Ga

�⌫ , G
a
↵µD�D⌫D

aµ⌫ , Ga
↵µD�D�G

aµ
�

⟨𝒪⟩ρ = ⟨0 |𝒪 |0⟩ + ρ0⟨N |𝒪 |N⟩
linear density approximation at normal nuclear matter density  ρ0 = 0.17fm−3

Scalar :

Quark non-scalar :

Gluon non-scalar :

For details about V.E.V.s,

- PLB 805 (2020) 135412, H.Kim, P.Gubler

- Prog.Part.Nucl.Phys.106,1 (2019), P.Gubler, D.Satow
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Light quark v.s. Heavy quark
Wilson coefficient of gluon operator for light quark is subtle.


1. Calculate heavy quark expansion of quark operators


2. 

<latexit sha1_base64="1Irovhs+wZXHj4IsGRC07+gHsm8="></latexit>

hq̄qi = �
1

12mq
h
↵s

⇡
Ga

µ⌫G
aµ⌫

i+O(
1

m2
q

)

Small mq Large mq

Heavy Quark Expansion

<latexit sha1_base64="atCKXMMFCZTsvVfSZtTGUTOLnhg="></latexit>

C lightquark
G hOGi 6= lim

mq!0
Cheavyquark

G hOGi

<latexit sha1_base64="dNnnu47OHzpQAL8zAP0cm8Phid8="></latexit>

C lightquark
G hOGi = lim

mq!0

"
Cheavyquark

G hOGi � CQhOQi

���
hOQi!

HQEP
i kihO

i
Gi

#

<latexit sha1_base64="17BAdlT6tVqLbKwHZxqygfPJI0k=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCncS1EYIprFMwHxA7jjmNptkyd7eZXdPCEcaG/+KjYUitv4HO/+Nm0sKTXww8Hhvhpl5QcyZ0rb9ba2srq1vbOa28ts7u3v7hYPDpooSSWiDRDyS7QAU5UzQhmaa03YsKYQBp61gWJ36rQcqFYvEvR7H1AuhL1iPEdBG8gsnN1W/7nIQfU6xG4BMRxM8cmUm+IWiXbIz4GXizEkRzVHzC19uNyJJSIUmHJTqOHasvRSkZoTTSd5NFI2BDKFPO4YKCKny0uyLCT4zShf3ImlKaJypvydSCJUah4HpDEEP1KI3Ff/zOonuXXspE3GiqSCzRb2EYx3haSS4yyQlmo8NASKZuRWTAUgg2gSXNyE4iy8vk+ZFybkslevlYuV2HkcOHaNTdI4cdIUq6A7VUAMR9Iie0St6s56sF+vd+pi1rljzmSP0B9bnDwTVmEs=</latexit>

= CQhq̄qi
<latexit sha1_base64="6d+2dQ7BZk126ospLApAHgTyaco=">AAACJ3icbZDLSsNAFIYn3q23qks3g0VwVRIRdaMUXdRlBWsLnRhOppN2cDIJMxOhhLyNG1/FjaAiuvRNnNYsvP0w8PGfczhz/jAVXBvXfXempmdm5+YXFitLyyura9X1jSudZIqyNk1EorohaCa4ZG3DjWDdVDGIQ8E64c3ZuN65ZUrzRF6aUcr8GAaSR5yCsVZQPTk+C5pEgBwIhkmkgOYERDqEQBc5SXnRvIYgJ3FGZGY5hxKJmowE1ZpbdyfCf8EroYZKtYLqE+knNIuZNFSA1j3PTY2fgzKcClZUSKZZCvQGBqxnUULMtJ9P7izwjnX6OEqUfdLgift9IodY61Ec2s4YzFD/ro3N/2q9zERHfs5lmhkm6deiKBPYJHgcGu5zxagRIwtAFbd/xXQINixjo63YELzfJ/+Fq726d1Dfv9ivNU7LOBbQFtpGu8hDh6iBzlELtRFFd+gBPaMX5955dF6dt6/WKaec2UQ/5Hx8Apwup7A=</latexit>

= CGh
↵s

⇡
Ga

µ⌫G
aµ⌫i

<latexit sha1_base64="iPtLNZcNd4lATJ36RPLfe52aOPU=">AAACBHicbVDLSgMxFM34rPU16rKbYBEq1DIjRV0W3bisYB/QGYdMmmlDk8mYZIQydOHGX3HjQhG3foQ7/8b0sdDWAxcO59zLvfeECaNKO863tbS8srq2ntvIb25t7+zae/tNJVKJSQMLJmQ7RIowGpOGppqRdiIJ4iEjrXBwNfZbD0QqKuJbPUyIz1EvphHFSBspsAueohzy4P4uO3FHZa8MPSZ6sGSU48AuOhVnArhI3Bkpghnqgf3ldQVOOYk1Zkipjusk2s+Q1BQzMsp7qSIJwgPUIx1DY8SJ8rPJEyN4ZJQujIQ0FWs4UX9PZIgrNeSh6eRI99W8Nxb/8zqpji78jMZJqkmMp4uilEEt4DgR2KWSYM2GhiAsqbkV4j6SCGuTW96E4M6/vEiapxX3rFK9qRZrl7M4cqAADkEJuOAc1MA1qIMGwOARPINX8GY9WS/Wu/UxbV2yZjMH4A+szx9L/5aY</latexit>

⇠ m�1
q , log(mq)

PLB772,194(2017)

H.J.Kim, P.Gubler, S.H.Lee13



Results
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•  Quarkonium moving at finite temperature

•   meson moving in nuclear matterϕ



Charmonium at rest

<latexit sha1_base64="jBNbwfhJueFeeU63d5h80dIJ3nY=">AAAB83icbVBNSwMxEJ3Ur1q/qh69BItQL2VXinqsevFYwX5AdynZNNuGZrNLkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmBYng2jjONyqsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWC8d3M7zwxpXksH80kYX5EhpKHnBJjJe+m6tER72fUnZ73yxWn5syBV4mbkwrkaPbLX94gpmnEpKGCaN1zncT4GVGGU8GmJS/VLCF0TIasZ6kkEdN+Nr95is+sMsBhrGxJg+fq74mMRFpPosB2RsSM9LI3E//zeqkJr/2MyyQ1TNLFojAV2MR4FgAecMWoERNLCFXc3orpiChCjY2pZENwl19eJe2LmntZqz/UK43bPI4inMApVMGFK2jAPTShBRQSeIZXeEMpekHv6GPRWkD5zDH8Afr8AQN5kQg=</latexit>

A(�c1)
<latexit sha1_base64="h1xeseqw0h3n+8oZgCgwjATlPF0=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxov2A7lKyabYNzWZDkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhZIzbVz32ymsrW9sbhW3Szu7e/sH5cOjtk5SRWiLJDxR3RBrypmgLcMMp12pKI5DTjvh+Hbmd56o0iwRj2YiaRDjoWARI9hYyX+o+mTE+hlxp+f9csWtuXOgVeLlpAI5mv3ylz9ISBpTYQjHWvc8V5ogw8owwum05KeaSkzGeEh7lgocUx1k85un6MwqAxQlypYwaK7+nshwrPUkDm1njM1IL3sz8T+vl5roOsiYkKmhgiwWRSlHJkGzANCAKUoMn1iCiWL2VkRGWGFibEwlG4K3/PIqaV/UvMta/b5eadzkcRThBE6hCh5cQQPuoAktICDhGV7hzUmdF+fd+Vi0Fpx85hj+wPn8AR4BkRk=</latexit>

S(�c0)
<latexit sha1_base64="pYLgG7FpuSVX/Yk+AJWPM1MYTw4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXuquFPVY9CKeKtgPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjG6mfuuJKs0i+WDGMfUFHkgWMoKNlR6b5buzbqzZaa9YcivuDGiZeBkpQYZ6r/jV7UckEVQawrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYslVhQ7aezgyfoxCp9FEbKljRopv6eSLHQeiwC2ymwGepFbyr+53USE175KZNxYqgk80VhwpGJ0PR71GeKEsPHlmCimL0VkSFWmBibUcGG4C2+vEya5xXvolK9r5Zq11kceTiCYyiDB5dQg1uoQwMICHiGV3hzlPPivDsf89ack80cwh84nz+ciI+l</latexit>

V (J/ )
<latexit sha1_base64="RrKUFdwyv4EUZQNLaPqvnZxHb0s=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoMQL2FXgnoMevEYwTwkWcLspDcZMju7zPQKIeQrvHhQxKuf482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFR08Sp5tDgsYx1O2AGpFDQQIES2okGFgUSWsHodua3nkAbEasHHCfgR2ygRCg4Qys91stdQNbj571iya24c9BV4mWkRDLUe8Wvbj/maQQKuWTGdDw3QX/CNAouYVropgYSxkdsAB1LFYvA+JP5wVN6ZpU+DWNtSyGdq78nJiwyZhwFtjNiODTL3kz8z+ukGF77E6GSFEHxxaIwlRRjOvue9oUGjnJsCeNa2FspHzLNONqMCjYEb/nlVdK8qHiXlep9tVS7yeLIkxNySsrEI1ekRu5InTQIJxF5Jq/kzdHOi/PufCxac042c0z+wPn8Aegbj9Y=</latexit>

P (⌘c)

QCDSR

[GeV] 3.49 3.43 3.06 3.00

Exp.

[GeV] 3.51 3.41 3.096 2.98

In vacuum
Near Tc
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  longitudinal v.s. transverseJ/ψ

arXiv:1005.1209 [hep-lat]

M.B.Oktay and J.I.Skullerud

“longitudinally polarized J/ψ 
experiences smaller medium 
modifications.”

Longitudinal Transverse
<latexit sha1_base64="qR9pa5K5xpsN28kbCkUW/Ee8lCM=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQodREirosunFZoS9oQplMJ+3gJBlnJsWSduHGX3HjQhG3foQ7/8Zpm4W2HrhwOOde7r3H44xKZVnfRmZldW19I7uZ29re2d0z9w+aMooFJg0csUi0PSQJoyFpKKoYaXNBUOAx0vLurqd+a0iEpFFYVyNO3AD1Q+pTjJSWumZ+6CDORfQAx86Q4OR+4pTGp0HRKtVPumbBKlszwGVip6QAUtS65pfTi3AckFBhhqTs2BZXboKEopiRSc6JJeEI36E+6WgaooBIN5k9MYHHWulBPxK6QgVn6u+JBAVSjgJPdwZIDeSiNxX/8zqx8i/dhIY8ViTE80V+zKCK4DQR2KOCYMVGmiAsqL4V4gESCCudW06HYC++vEyaZ2X7vFy5rRSqV2kcWZAHR6AIbHABquAG1EADYPAInsEreDOejBfj3fiYt2aMdOYQ/IHx+QOi6Jdu</latexit>

v ⇡ |~q |/m(0, T )

<latexit sha1_base64="MZSqittWFlgFMjZKqkxWDmjUPvs=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguQkmkqIsuim5cdFGhTQtNGibTaTt08mBmIpS0P+HGX3HjQhG3gjv/xmkbUFsPXDhzzr3MvcePGRXSNL+0ldW19Y3N3FZ+e2d3b18/OLRFlHBMGjhiEW/5SBBGQ9KQVDLSijlBgc9I0x/eTP3mPeGCRmFdjmLiBqgf0h7FSCrJ0w0HsXiAvLRq1Ccdu2wajjGeax3bq47LP4/62NMLZtGcAS4TKyMFkKHm6Z9ON8JJQEKJGRKibZmxdFPEJcWMTPJOIkiM8BD1SVvREAVEuOnsqgk8VUoX9iKuKpRwpv6eSFEgxCjwVWeA5EAselPxP6+dyN6Vm9IwTiQJ8fyjXsKgjOA0ItilnGDJRoogzKnaFeIB4ghLFWRehWAtnrxM7POidVEs3ZUKlessjhw4BifgDFjgElTALaiBBsDgATyBF/CqPWrP2pv2Pm9d0bKZI/AH2sc3k9eeew==</latexit>

↵V
L,T < 0, |↵V

L | < |↵V
T |

16

p = 0.63 GeV p = 0.63 GeV

<latexit sha1_base64="+G2Exh+0ksqkUoPzplb8K5/w2+0=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZh4wl1C1CPRi0dMXCCBlXRLFxq67abtkpANv8GLB43x6g/y5r+xwB4UfMkkL+/NZGZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4qWWqCPWJ5FK1Q6wpZ4L6hhlO24miOA45bYWju5nfGlOlmRSPZpLQIMYDwSJGsLGSP36qXlZ7pbJbcedAq8TLSRlyNHqlr25fkjSmwhCOte54bmKCDCvDCKfTYjfVNMFkhAe0Y6nAMdVBNj92is6t0keRVLaEQXP190SGY60ncWg7Y2yGetmbif95ndREN0HGRJIaKshiUZRyZCSafY76TFFi+MQSTBSztyIyxAoTY/Mp2hC85ZdXSbNa8a4qtYdauX6bx1GAUziDC/DgGupwDw3wgQCDZ3iFN0c4L86787FoXXPymRP4A+fzB+qijhw=</latexit>

v2/2

<latexit sha1_base64="TRBBzVCiM0fKia8H3OuwN233k+A="></latexit>

m(v, T )

m(0, T )
⇡ 1 +

⇣1
2
+ ↵

⌘
v2 + · · ·



Charmonium S-wave v.s. P-wave

T=1.0 Tc

T=1.03 Tc

<latexit sha1_base64="60MmUgY5uPtAY1nl3hYgvqDI9Mw=">AAACKHicbZDLSgNBEEV7fBtfUZduBoPgxjAjQV0Iim5cRjQxkAmhplMxjT0PumuiYZzPceOvuBFRxK1fYuexMMaChsO9VVTX9WMpNDnOlzU1PTM7N7+wmFtaXlldy69vVHWUKI4VHslI1XzQKEWIFRIksRYrhMCXeOPfnff9my4qLaLwmnoxNgK4DUVbcCAjNfMnjx7IuAPN1FNBeuURPpCBveweuphlj8djfnnCb+YLTtEZlD0J7ggKbFTlZv7Na0U8CTAkLkHruuvE1EhBkeASs5yXaIyB38Et1g2GEKBupINDM3vHKC27HSnzQrIH6u+JFAKte4FvOgOgjv7r9cX/vHpC7aNGKsI4IQz5cFE7kTZFdj81uyUUcpI9A8CVMH+1eQcUcDLZ5kwI7t+TJ6G6X3QPiqXLUuH0bBTHAtti22yXueyQnbILVmYVxtkTe2Hv7MN6tl6tT+tr2DpljWY22VhZ3z/Hk6mB</latexit>

|↵S-wave| < |↵P-wave|
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Charmonium S-wave v.s. P-wave
T=1.03 Tc

18

V < P < A < S
• Sensitivity to T changes

V < P < A < S
• Deviation from the trivial line



Bottomonium : Upsilon(1S)

JHEP03(2013)084.  G. Aarts, C. Allton, S. Kim, et al.

• Negligible non-trivial momentum dependence

Suppressed by heavy quark mass

OPE structure,
<latexit sha1_base64="D/BNJC7Lv7/dQLmpWmo1o20Exvs="></latexit>

⇧OPE(q2, ~q 2) ⇡ CI(q
2) + Cs(q

2)G0(T ) +
⇣
D(q2) + E(q2)

~q 2

m2
q

⌘
G2(T )

19

| ⃗q |max ≈ 1.6 GeV,
mb ≈ 4 GeV

≈ 0.16

c.f. 𝒪(
| ⃗q |max

mc
) ∼ 1



 meson resultϕ

<latexit sha1_base64="cb9On4MLGj0Cp5CoCFi38GdUvzU="></latexit>

mvac
� = 1.020GeV,

a = �0.0067,

bT = 0.0067± 0.0034GeV�2,

bL = �0.0048± 0.0008GeV�2

<latexit sha1_base64="hLaTqFfTjqMlYtwZuckH1d8YpQ0=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAIHkLYlaAegx70GME8ILuE2UlvMmT24cxsIGzixV/x4kERr/6FN//GSbIHTSxoKKq66e7yYs6ksqxvY2l5ZXVtPbeR39za3tk19/brMkoEhRqNeCSaHpHAWQg1xRSHZiyABB6Hhte/nviNAQjJovBeDWNwA9INmc8oUVpqm4cjZwA0fRg7xZFTxC1HBOkN1Mdu2yxYJWsKvEjsjBRQhmrb/HI6EU0CCBXlRMqWbcXKTYlQjHIY551EQkxon3ShpWlIApBuOv1gjE+00sF+JHSFCk/V3xMpCaQcBp7uDIjqyXlvIv7ntRLlX7opC+NEQUhni/yEYxXhSRy4wwRQxYeaECqYvhXTHhGEKh1aXodgz7+8SOpnJfu8VL4rFypXWRw5dISO0Smy0QWqoFtURTVE0SN6Rq/ozXgyXox342PWumRkMwfoD4zPHzMLlrw=</latexit>

|~q | [GeV]

PRC57.927 (1998), S.H.Lee

<latexit sha1_base64="cst1qEqduOhF0Qrr7yKqMwrsgpQ=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIigvmA5Ax7m71kye7eubsnhCN/wsZCEVv/jp3/xs3lCk18MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw989tPVGkWyXsziakv8FCykBFsrNQR/V48Yg+3/XLFrboZ0DLxclKBHI1++as3iEgiqDSEY627nhsbP8XKMMLptNRLNI0xGeMh7VoqsaDaT7N7p+jEKgMURsqWNChTf0+kWGg9EYHtFNiM9KI3E//zuokJL/2UyTgxVJL5ojDhyERo9jwaMEWJ4RNLMFHM3orICCtMjI2oZEPwFl9eJq2zqnderd3VKvWrPI4iHMExnIIHF1CHG2hAEwhweIZXeHMenRfn3fmYtxacfOYQ/sD5/AHp7Y/m</latexit>

mL
�

<latexit sha1_base64="bhGcBny/0fh7iNlPjB35g6U22pQ=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxW6Be0a8mm2TY0ya5JVihL/4QXD4p49e9489+YbvegrQ8GHu/NMDMviDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6yhRhLZIxCPVDbCmnEnaMsxw2o0VxSLgtBNMbud+54kqzSLZNNOY+gKPJAsZwcZKXTHox2P20ByUK27VzYBWiZeTCuRoDMpf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X6a3TtDZ1YZojBStqRBmfp7IsVC66kIbKfAZqyXvbn4n9dLTHjtp0zGiaGSLBaFCUcmQvPn0ZApSgyfWoKJYvZWRMZYYWJsRCUbgrf88ippX1S9y2rtvlap3+RxFOEETuEcPLiCOtxBA1pAgMMzvMKb8+i8OO/Ox6K14OQzx/AHzucP9g2P7g==</latexit>

mT
�

<latexit sha1_base64="ldE1PEKdEKYq1usgCQv0rlcU/3o=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFNDJPppB06Mwkzk0qJ+RQ3LhRx65e482+ctllo64ELh3Pu5d57woRRpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vpn53QmRisbiXk8T4nM0FDSiGGkjBXaVB14yog+ZJ3k2QTjPA7vm1J054CpxC1IDBVqB/eUNYpxyIjRmSKm+6yTaz5DUFDOSV7xUkQThMRqSvqECcaL8bH56Dk+NMoBRLE0JDefq74kMcaWmPDSdHOmRWvZm4n9eP9XRlZ9RkaSaCLxYFKUM6hjOcoADKgnWbGoIwpKaWyEeIYmwNmlVTAju8surpHNedy/qjbtGrXldxFEGx+AEnAEXXIImuAUt0AYYPIJn8ArerCfrxXq3PhatJauYOQJ/YH3+ABGYlIo=</latexit>

mvac
�

<latexit sha1_base64="B7FF6Rhb8PYK54k6DXmfv6N5naE=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmkqMuiC11WsA9IQphMJ+3QmUmYmQgh1F9x40IRt36IO//GaZuFth64cDjnXu69J0oZVdpxvq2V1bX1jc3KVnV7Z3dv3z447Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW+mfu+RSEUT8aDzlAQcDQWNKUbaSKFd46Gfjqh/Bj1f8uKWdCdBaNedhjMDXCZuSeqgRDu0v/xBgjNOhMYMKeW5TqqDAklNMSOTqp8pkiI8RkPiGSoQJyooZsdP4IlRBjBOpCmh4Uz9PVEgrlTOI9PJkR6pRW8q/ud5mY6vgoKKNNNE4PmiOGNQJ3CaBBxQSbBmuSEIS2puhXiEJMLa5FU1IbiLLy+T7nnDvWg075v11nUZRwUcgWNwClxwCVrgDrRBB2CQg2fwCt6sJ+vFerc+5q0rVjlTA39gff4AHNiUcA==</latexit>

m� [GeV]

20

<latexit sha1_base64="egav7GSKwHkhlG6YWezdxw1azec=">AAACFXicbVA9SwNBEN3zM8avqKXNYhAsJNxJ/CqEoI2NEsFEIXcce5tJXLK7d+zuCeHIn7Dxr9hYKGIr2Plv3FxSqPHBwOO9GWbmRQln2rjulzM1PTM7N19YKC4uLa+sltbWmzpOFYUGjXmsbiOigTMJDcMMh9tEARERh5uodzb0b+5BaRbLa9NPIBCkK1mHUWKsFJZ2Rah9TmSXA8Z+RFSmB9pXuRBenuzvVY79XV+J7AKag7BUdituDjxJvDEpozHqYenTb8c0FSAN5UTrlucmJsiIMoxyGBT9VENCaI90oWWpJAJ0kOVfDfC2Vdq4Eytb0uBc/TmREaF1X0S2UxBzp/96Q/E/r5WazlGQMZmkBiQdLeqkHJsYDyPCbaaAGt63hFDF7K2Y3hFFqLFBFm0I3t+XJ0lzr+IdVKpX1XLtdBxHAW2iLbSDPHSIaugc1VEDUfSAntALenUenWfnzXkftU4545kN9AvOxzee5J55</latexit>

mshs̄siN = 52.9MeV

<latexit sha1_base64="Gk1R214Gqajt/7FtnqHnzn2N5fY="></latexit>

mL/T
� (⇢)

mvac
�

= 1 +
⇣
a+ bL/T |~q |2

⌘ ⇢

⇢0
upto 3 GeV



Finite width (Breit-Wigner form)

<latexit sha1_base64="hLaTqFfTjqMlYtwZuckH1d8YpQ0=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAIHkLYlaAegx70GME8ILuE2UlvMmT24cxsIGzixV/x4kERr/6FN//GSbIHTSxoKKq66e7yYs6ksqxvY2l5ZXVtPbeR39za3tk19/brMkoEhRqNeCSaHpHAWQg1xRSHZiyABB6Hhte/nviNAQjJovBeDWNwA9INmc8oUVpqm4cjZwA0fRg7xZFTxC1HBOkN1Mdu2yxYJWsKvEjsjBRQhmrb/HI6EU0CCBXlRMqWbcXKTYlQjHIY551EQkxon3ShpWlIApBuOv1gjE+00sF+JHSFCk/V3xMpCaQcBp7uDIjqyXlvIv7ntRLlX7opC+NEQUhni/yEYxXhSRy4wwRQxYeaECqYvhXTHhGEKh1aXodgz7+8SOpnJfu8VL4rFypXWRw5dISO0Smy0QWqoFtURTVE0SN6Rq/ozXgyXox342PWumRkMwfoD4zPHzMLlrw=</latexit>

|~q | [GeV]
<latexit sha1_base64="hLaTqFfTjqMlYtwZuckH1d8YpQ0=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAIHkLYlaAegx70GME8ILuE2UlvMmT24cxsIGzixV/x4kERr/6FN//GSbIHTSxoKKq66e7yYs6ksqxvY2l5ZXVtPbeR39za3tk19/brMkoEhRqNeCSaHpHAWQg1xRSHZiyABB6Hhte/nviNAQjJovBeDWNwA9INmc8oUVpqm4cjZwA0fRg7xZFTxC1HBOkN1Mdu2yxYJWsKvEjsjBRQhmrb/HI6EU0CCBXlRMqWbcXKTYlQjHIY551EQkxon3ShpWlIApBuOv1gjE+00sF+JHSFCk/V3xMpCaQcBp7uDIjqyXlvIv7ntRLlX7opC+NEQUhni/yEYxXhSRy4wwRQxYeaECqYvhXTHhGEKh1aXodgz7+8SOpnJfu8VL4rFypXWRw5dISO0Smy0QWqoFtURTVE0SN6Rq/ozXgyXox342PWumRkMwfoD4zPHzMLlrw=</latexit>

|~q | [GeV]

<latexit sha1_base64="1bYXSZfI37iKpTZOJoMsqCB66Sc=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBymJiHoUFfQiVLBVSEKZbKe6dDcJuxuhhOLFv+LFgyJe/RXe/Dduaw/a+mDg8d4MM/PiTHBtPO/LmZicmp6ZLc2V5xcWl5bdldWGTnPFsM5SkaqbGDQKnmDdcCPwJlMIMhZ4HXdO+v71PSrN0+TKdDOMJNwmvM0ZGCs13fXwFIUBGp6BlBDuhEoWwQU2ol7TrXhVbwA6TvwhqZAhak33M2ylLJeYGCZA68D3MhMVoAxnAnvlMNeYAevALQaWJiBRR8XghR7dskqLtlNlKzF0oP6eKEBq3ZWx7ZRg7vSo1xf/84LctA+jgidZbjBhP4vauaAmpf08aIsrZEZ0LQGmuL2VsjtQwIxNrWxD8EdfHieN3aq/X9273KscHQ/jKJENskm2iU8OyBE5JzVSJ4w8kCfyQl6dR+fZeXPef1onnOHMGvkD5+MbY9+Wzg==</latexit>

�� [MeV]
<latexit sha1_base64="VZEbV7KZECPDB0+BOXmAt1MYOKM=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuJCSSFGXRRe6rGAvkMQwmU7aoTNJmJkUSsjKja/ixoUibn0Gd76Nk7YLbf1h4OM/53Dm/EHCqFSW9W2UlpZXVtfK65WNza3tHXN3ry3jVGDSwjGLRTdAkjAakZaiipFuIgjiASOdYHhd1DsjIiSNo3s1TojHUT+iIcVIacs3D7nvJgP6kLmCZ2jUz3P3tEDnhrS93DerVs2aCC6CPYMqmKnpm19uL8YpJ5HCDEnp2FaivAwJRTEjecVNJUkQHqI+cTRGiBPpZZMzcnisnR4MY6FfpODE/T2RIS7lmAe6kyM1kPO1wvyv5qQqvPQyGiWpIhGeLgpTBlUMi0xgjwqCFRtrQFhQ/VeIB0ggrHRyFR2CPX/yIrTPavZ5rX5XrzauZnGUwQE4AifABhegAW5BE7QABo/gGbyCN+PJeDHejY9pa8mYzeyDPzI+fwAFTpl7</latexit>

mavg
� [GeV]
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<latexit sha1_base64="EvhfczcwH1Aeq0ATXOtoWfpXL1I=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCIJSkFnVZdOPCRYW+oAlhMp20QyeZMDMRSogbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fsyoVJb1bSwtr6yurZc2yptb2zu75t5+R/JEYNLGnHHR85EkjEakrahipBcLgkKfka4/vpn63QciJOVRS01i4oZoGNGAYqS05JmHTiAQTh0x4t7dWS3vrSw9zzyzYlWtHHCR2AWpgAJNz/xyBhwnIYkUZkjKvm3Fyk2RUBQzkpWdRJIY4TEakr6mEQqJdNP8ggyeaGUAAy50RQrm6u+NFIVSTkJfT4ZIjeS8NxX/8/qJCq7clEZxokiEZw8FCYOKw2kccEAFwYpNNEFYUP1XiEdIR6J0aGUdgj1/8iLp1Kr2RbV+X680ros4SuAIHINTYINL0AC3oAnaAINH8AxewZvxZLwY78bHbHTJKHYOwB8Ynz89q5bE</latexit>

⇢L + 2⇢T
3

• Single Breit-Wigner peak

• Averaged spectra



Summary

We investigated non-trivial effects appear when  meson and quarkonium 
are moving in hot/dense medium using QCDSR.


For quarkonium,

• J/ψ : Longitudinal < Transverse

• Strength of the non-trivial momentum dependence : V<P<A<S

• Upsilon has small momentum dependence 


For  meson,

• Mass shift of T and L have a opposite sign

• Averaged mass shift is positive. Effective width increases

ϕ

ϕ
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