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QCD?@AYppBC�?IJK%DE�jbFGU-d

4.1HIJKLMNOPQRS

QCDBC�Tcb6*k/01%UVW7?��IJK?@A)SX?6*kYZX(Q2
�[-

(
BX23\]̂_PDF)⊗(
BX23CDIJK̂σ)⊗(
BX23̀â_PFF)
Mcbc7d%De�

U-
10d&'fg#3?PDF
Y��fg#3h?PFF
)

1/Q
�ijbklm?n=0>op%qrd@9ASe+e−BC���U-s5Xst�Y2u3v%wxSX?̀a !fg#3%��U-Wyz)

PFF?{|?}V�~-d=0>�)���Q2?�X23 !?���X�����~-d�7�BC���T � Q?"������̀af\�SPFF
)���

(ppBC)?�? !��%��-dBjorken
)S.��z�X�X23�"���W7%�*��jb��z���� -(¡�./01fg#3���¢£ -(¡%"�����?�v¤z¡jb¥¦jf[20]d§mk̀~fx?̈©ª«��z����)α2

sT
2
�i¬j­��250 MeV?"����)−dE/dz = 0.2 –

0.3 GeV/fm
¡@Àaf

[21]dY2u3v�®abfg#3d -Lund
Y2u3v{|�?w̄

∼ 1 GeV/fm
���iF -¡­(?��z����)g̀°­±*kop%,<�*kcdV²cb­³́�[µb�¶-·̧¹º�»¼½¾¿[22, 23, 24]À��23?ÁÂÃÄÅ�λmfp�Æ\kÇÈ��)­X¾É¾?³́�[-ÊËÌ£0Í'?Î¡ÏÐ��z�����@A�*-

(Bethe-Heitler, BH)ÀÏ Ï­Í'?��Ñt(lm) tform ∼ lcoh
�
λmfp

[xkÇÈ��)ÒÓ?³�́[-Í'?ÔÕ�Ö× -?�­(¾%ØÙÏÐ��z����%@A -ÚÛ�~-ÀQED
�

Ü
Landau-Pomeranchuk-Migdal (LPM)
oÝ¡ÏÐÞ!¾-�­QCD
�ÜÍß½¾-vz�à3Ãá�â��ã%UµÐä4³́ -å�e�>�æÌ-Àçè?éêL?ë�%ì� -.��z����23 !?vz�à3Íß�Ü­í?[bÌÔÕ%@A -

:

+ ... +

2

⇒

L
lcoh λmfp

((�ÜÖ×k½?îï>Ì@A�D²ÇÐðÛÌ��ñòóôï%õö -Às5�s�vz�à3��1
0
¡ -Às5�s�vz�à3(ω,k)
%÷�

θ
�ÍßÏÐ

lcohø�ùúÏ¿v�û¡­s5�s�
lcohø�ùúÏ¿ü�vz�à3%Íß -v�û%ij-(ý4)À(?þV?ÔÕ�Íß½¾-vz�à3?ÿ���π���Ì-k½¡ÏÐÖ×k½%@A -; lcoh(1− cos θ) ∼ lcohk2

⊥/2ω
2 = O(λ/2)����Ì-Às5�s�ijÐ�û2Ìvz�à3?ä4³́�4Û�­(¾%/01�t�?�3���5�s¡ÏÐ〈k2

⊥
〉 = q̂lcoh
¡@A -

11À((�̂q = µ2/λmfp = µ2σρ
Üvz�à3�ï³~́¿x?�Å/01Ã	�~-(ρÜ³́
��­V�xvz�à3��)Àlcoh ∼

√

ω/q̂
¡Ì-Àω�
½Ç�vz�à3�³́½¾� Ç?�­Ö×k½��ÇÀlcoh > L (ω > ωc = q̂L2)
�Ü­ë

10���������������� !"
11#$%&'()*+,-./0123�45061789:;<=>?

@ABCDE%�FGHI/0123�JIK
LMN0OPQRSTU�VWCXY�;I"
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lcoh
∼ λ/2
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GLV parton energy loss (dN
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ý5:
: Au-Au����π0
������

(
√
s

NN
= 200 GeV����

0-10%�80-92%)�������� !"#TAB$%&'Au-Au$
p-p���(�)'*+),-�[2]..:������AA/0�pp/0�12345678

RAA [25]�
9:;<=>?@àABCDE9Ì°ÌF(factrization limit)ÀG½lcohH¿IJK=ÍßDLMF;<NG½H¿IÔOPH¿I=ÍßQRdI/dωdzSTU?V@WXdE/dzÜ

ω
dI

dωdz
∼ 1

lcoh

(

ω
dI

dω

)(1)

∼
√

q̂

ω
αs ; −dE

dz
∼

∫ ωc

dω

√

q̂

ω
αs ∼ αs q̂L . (2)

GY
λmfpH
ZIJK=ÍßDB[FBH\èS]̂FSNλmfp < lcohS

_F
ω
=>?@̀ABCÜÖ×abcÐdeYfFghÿGYHZI=TU?V@WXdE/dzDNë9=iMYLaóôjFgkl=ZmNQED

=noÜNpq=ärstDrÛa_INθupq=vf÷Swxlcoh(1−cos θ) ∼
lcohp2

⊥
/2E2 = O(λ/2)SjFg�ÜIpqyzO{=|A���}@~u�îjFSlcoh ∼

√

E2/q̂ω

u�NωD
Y���q=��GYDG�(q̂Üpq=�ïstHZI��zO{�	)g

ω
dI

dωdz
∼ 1

lcoh

(

ω
dI

dω

)(1)

∼
√

q̂ω

E2
α ; −dE

dz
∼

∫ E

ωc

dω

√

q̂ω

E2
α ∼ α

√

q̂E . (3)

â|@�q=�f��æ_F�ö���@�=��Në9��=��_��[mE����=��a��x� ¡
[22, 23, 24]
;<¢cx£w�g

4.2¤¥¦§̈©ª«¬­
E�®�

AA
°̄Spp
°̄S=]

RAA(p⊥, y; b) =
d2NAA/dydp⊥

〈TAA(b)〉 × d2σpp/dydp⊥
=

AA
°̄®=BCP
±@²³́µ�¶·× pp
°̄®=BÇ¹º(4)
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expanding
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∆
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(asso
c) < 4

T
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T
4 < p

 (rad)φ∆
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(trig) < 6
T

4 < p (trig) < 8
T

6 < p (trig) < 15
T

8 < p

)φ∆
d

(d
N

 
tr

ig
N

1

¾
6:�:���������	
��
��	���:������(����; p⊥ >4 GeV/c)�������

(p⊥ >2 GeV/c)
�� !"#

(
√
s=200 GeV$%&'() [1]�Au+Au)�*∆φ = π

�+�,-./�0
: Au+Au)1234p⊥)5� !67-89��(p⊥(trig) > p⊥(assoc)) [27]�

:;<=>?@ABCD±̂
q ' 11±3 GeV2/fm[26],
ÕEFG

GLVHIJKL[23]
®MNAKOPã

Ô
dNg/dy ' 1100± 300QRSTUV>WXÎÔYZ[\]̂A_KYZ[ÌNAKOP̀a:b>]̂A_Kcd®efg:hi=>WjXÎÈÉ®GRAA

GklmYZ[ÌneoTUV>WoS:pqVD\BDrPsÝtuvST>wxGyfQpπ0z{G|VÙÚJP}~:�����oTUV>átQ��oTUV>[28, 29]W���p��:qVÂx�{��̀a�sá�:�Vt��oT>G�p̂q\dNg/dy
M��:������z�Q��:z>WáTMNAKOP̀aG�:b>]̂A_Kcd��ÊO:�����UV>W

4.3� ¡2¢£¤¥
��z¦§�fp⊥
�̈©BKªPMp«�GBKªP2 → 2¬­��®̄â°�(back-to-back)G

p⊥
�̈±U²³=>Ẃµ¶ª·�ȩ��>pp

¹̄Gbºz»¼tM½z¾pAA
¹̄�M�

�z¿¶ÀNCÁPÂGEÃ:́µ¶ªGÄÅneMÆÇÈ�É>WAA
¹̄:ÊË>́µ¶ªGÌÍ

MpªÎÏKÐx:Ñ;=>ÐxÒÓGÌÔt�UÕÖoTUV>W×
6ØGbº:BKªPÙQ²³oTE»¼pÚÍGÛ:°�±ÙÜoT>BKªP�SGÝÂJP²³MÞßXt}~�É>QpàÍá�âã�UV�äGMÑåæç:b¾«�GÑ;�dºWèT�é=têëT>@KìQ×6X�É>[29]Wpp

¹̄\
dA
¹̄�M̄Ùí

(φ ∼ π)
:äklm

Ñ;Qî±UV>QpAA
¹̄�Mïð:ñd�UV>WòäòäpAA

¹̄�
φ ∼ π
�GÑ;Qne��>äGzG�?×6ó�MpªÎÏK§�ftôõÐxG§�fGö÷k:YZ�Up¿¶ÀNCPÂG�:øKÀQiT>[29]Wcd�E]̂A_KMpàÍ:{Gbº:ùúoTUV�Gûüº�?èT:;�UýþáV@Kìt�UpÿoVp⊥�G

ÐxÑ;Q��oTUV>W���T�����z¿¶ÀNCPÂG��V�	�
(
×

7Ø)G
p̄ÙíGÐx�Ó:�
z��QZ�=>ètQ�>(×7ó)WèG��Mp������ª���àÍ������ !"�#$%&'()�̈±*âã��è+�,-./�WÚÍ012� !"���ª�#345�6�785�9:;<=¶À:>��ª�?�@Ü��A!�B�»#àÍ01âã��CµD�EF:>É�GHIJ@Ü#ä©$%&'@K(>L�H>M��ª�NO;¬­�P�QR'S;ÇÈT#UÖ.R*G�[31]WVW'XYZ[!1ö\��]̂_̀+5*>è;ÐaÑb��#cd�ef.Rgghi>.��
3jakb(!)#lmnoY.Rpq*G�;rst�ja�uõ��2ja;�vH><=wx:yCzD�EF:'�{|}�>~�'���()�����+G��G#��.R�WL�>rst�jaí;��(kb�H��1����H��R'?��#>�ø[���y��;kbH�;
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�
7:�: 2.5< pA

⊥
<4.0 GeV/c����1.0 < pB

⊥
<2.5 GeV/c���	
��
����(���������

)�������
� !"�#$%����&'()�*∆φ ∼ π�+�,- �-./&'()�*
∆φ ∼ π ± 1
'"�+�,-0��[30]

P��1#�*G�è+#��.R*G�23�45;�q�6�7���89:��;<��=>
;?@#ABT+5*CD�R�WE;F>8a–GHI�kb'SJK��efnLM.R*G�W

5 J/ψN
OPQ
RSB�TU;VX�WG*>J/ψXYHcc̄xZ�x[\��<]!;[̂S_̀�ab'cld+5*e3fg.R�Whi�XY5�jk;cc̄#l�mn01ERoRpq�rs��+>GHI��;tuL��

cc̄vw}x1yY��P�'kb1z�*>J/ψXY#{z��[32]WL�>|}~�R�'[̂S_̀+\�>�&A!�B��P�J/ψ
;����JC�.R�

[33, 34]W�;P�'l�mn��L�;�q�H>��&'�m+5*>(0)kXY5�cc̄Hl�mn01rs5*���kb1z��+
(1) cc̄
kH��;�XY5*>kb1z��kHGHI��;6����5'G�+>(2)�l�mn��(�K�a���nJ/ψ–GHI�k���)#���������+#�� ¡�W

J/ψXY¢IH£aQCD
�lm.R�xZ�x[\��<]!;_̀��¤G*fg.R�[32]W5?5>:¥>¦§̈)(xz©C:ª)£aQCD«¬­WG*cc̄k;®̄xr!b�1��5°+�¡

T . 1.6Tc±)L�²³+́V;J/ψ
&®̄xr!µ¶x#cl.R[35, 36, 37]15>k·̧:¹;l�mn0­ºGGHI©kb»¼½¾¿�À1ÁÂ5ÃoYÄÅÆ�G¿WJ/ψ

H]HÇ?Ç
?ÈÉÇGÊ ¡�Ë

?j�Ì¦§̈ÍÎÏ«¬�ÐJ/ψ + g → cc̄g
ÊÑ�Ò»�Ó

MeV
­1»¿

ÀÔ���»h¿
[34]WNf=2 QCD
�ABÇ

J/ψ(+g) → DD̄(+g)
ÊÕ�Ç��ÐS� ¡�

?
]

ÐÌJ/ψXY­Ö×bØ¾¿dÐl�mnÊ?@ÄÙÚcc̄kÊ�Ûb��h¿ËÜÌ�Ý­b¾¿ÞËÖ×ßÇàá»�°Ý¿W
SPS(

√
s

NN
= 17 GeV)
ÀâÇiÌRHIC(200 GeV)
�ÐãäTUh°i

10
k±ÍÊcc̄»XYåÝ¿W�ÊtÌ̂�̂�­Ç�°cÀ̄c»GHI©�­æçÃèéJ/ψ
­vw(�XY)¾¿ABêÄCë¾¿��»h¿W�Ê�ìÐ(kÊ�)2�íî¾¿Ê�200k±Í»XY��¿LHC(5.5 TeV)
�

Ðï­R�­ÇiÌJ/ψXYÊíî�EÄLHC
�Ê

QGPðñòóÀ¾¿fgJh¿[39]W�Ê�X
15ôõö÷χcøùúûüTcýþÿ����������	
��ú
���ü��������������ø�
��ÿ !"#ü�$%&ý'()QCD
ÿ�*�+

T > Tcøχc

����,-
�[38].
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�
8:�: J/ψ���(Drell-Yan����	
��
)�����������L�������� (SPS;

2.9< y <4.6)[44]!L"#$�%���&'()*+�,-.�/�0123�$4!56√s
NN

=17.3 GeV



�
J/ψ���789(:;<=>�)?@A(SPS Pb-PbBC) [44]!D6√s

NN
=200 GeV

�

J/ψ���789
(
�E.-�

)?@A(RHIC Au-Au, Cu-CuBC) [45]!FG)RAA


HIJ,-.�/"K4*+,-.�/�LMN!SPS
�O�9�PQ
HIJRSAu-Au


y 6= 0 (TUV)�WXPQXYV$Z�"[\!

]ðò̂_ỀaóàábÐÌñó¶_©ÀJ/ψ(c¿ÔÐcc̄)Êdefg­hiÇjkÄgÔÃÔ¿lÀmcnÌopêÐqrbc¿s
J/ψt]uv¾¿wxyz{|}uÐÌt]ç~cc̄v������ãÊ�����������|}
[40, 41, 42]
�c���RHIC
bÐ�����Ð��

0.1 fm��u��ç����m���Ü�t]ç~
cc̄
v�� u¡¢ç~££bcn�¤¥¦§�SPS

ü�©ªnm«å��mç¬­�
[43]s£~�®̄°�±²³¥J/ψ–

®̄°���¥oṕ­µ¶�̀a·u̧¹����oº́u�«»�
J/ψ¼½¥~¾u¿ÀÁm«»ÂÃÄÅ�ÆÇ¬©��s
SPS
b¥ÈÉa�Ê(�8Ë)ÌÍ���Pb-PbÌÎÏ�J/ψt]�p�Ê�ÐÑ�¥��¥ÒÓÔÓuÕÖ��l�Ì×ØbÙ�sl¬�xyz{��ÔÚ­Ï�cc̄v�������¥����|}bÛ�Ü

(Ý~�)���|}Þ�ßà¬�sPb-Pb
a�Ê¥��áâuãäåæç»¬�SPS
ü

è�xyz{t]ÌéÇê�sëìí·î�(ïð�)bPb-Pb
a�ÊÌñ�(�8ï)��òóôõb��Ü���|}uöÅ��ïðôõb÷Üæç��ø¬�sùú»¬�J/ψ
¥

3û���χc
¥

üýþÿ��©t]��¥b�SPS
a�Êuv����¥����Tc�
���¥���t]»¬©

χc, ψ
′
¥���è

J/ψ
��è©�­���Åm¥bc�16sôõk	
�¥

RHIC
b�

SPS
u�
b�Ç­�m¥¥��8�¥ªÅ­a�Ê��ø¬©��s�Ü���|}�µ¶»¬©�­�¥b�����Ã��J/ψ
æç��̂_�ø��u��»¬�Û
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